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ince the discovery of buckminsterful-
lerene in 1985," a growing interest in
carbon modifications yielded a variety
of carbon allotropes with special shapes and
properties, such as single- and multiwalled
carbon nanotubes, “bucky balls”, lonsdale-
ite, carbon nanobuds and nanofibres, gra-
phene whiskers, graphene ribbons, and multi-
and single-layer graphene (SLG). After the
discovery of graphene in 2004,> Novoselov
et al. demonstrated a simple production me-
thod called the scotch-tape technique® that
made graphene easily available to researchers
around the world. Graphene is nowadays not
only subject to intense basic research but
also made its way into different applications
such as printed circuits,” transistors for fre-
quencies up to the GHz range,>® supercapa-
citors,” or ultrafast photodetectors® Ele-
ctronic devices are usually produced either
from SLG produced by the scotch-tape tech-
nigue and deposited on SiO,/Si for identifica-
tion with consecutive top-gating or from
graphene films that are first produced by
CVD on Cu films® and then transferred onto
other substrates by dissolving the Cu support
layer and transferring the graphene film
using a PMMA layer.'® The electronic pro-
perties of these graphene-based devices
strongly depend on a correctly designed
graphene sheet. Lattice defects at the ribbon
edges are expected to contribute to Anderson
localization,'" and disorder within the sheet
or nanoribbon of graphene can, for exam-
ple, influence the band gap; charged impu-
rities and ripples are relevant when the
mobility of electrons is of importance for
the manufactured device.” Furthermore, se-
lective placement of extended defects can
strongly enhance conductivity of graphene
nanoribbons,'? enabling them to process
information or carry spin polarizing cur-
rent,”® making a localization of defects com-
pulsory for characterization.
Several analytical techniques such as elec-
tron microscopy (EM), scanning tunneling mi-
croscopy (STM), or atomic force microscopy
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ABSTRACT Electronic properties in different graphene materials are influenced by the presence
of defects and their relative position with respect to the edges. Their localization is crucial for the
reliable development of graphene-based electronic devices. Graphene samples produced by standard
CVD on copper and by the scotch-tape method on gold were investigated using tip-enhanced Raman
spectroscopy (TERS). A resolution of <12 nm is reached using TERS imaging with full spectral
information in every pixel. TERS is shown to be capable of identifying defects, contaminants, and
pristine graphene due to their different spectroscopic signatures, and of performing chemical
imaging. TERS allows the detection of smaller defects than visible by confocal Raman microscopy and
a far more precise localization. Consecutive scans on the same sample area show the reproducibility
of the measurements, as well as the ability to zoom in from an overview scan onto specific sample
features. TERS images can be acquired in as few as 5 min with 32 x 32 pixels. Compared to
confocal Raman microscopy, a high sensitivity for defects, edges, hydrogen-terminated areas or
contaminated areas (in general for deviations from the two-dimensional structure of pristine
graphene) is obtained due to selective enhancement as a consequence of the orientation in the
electromagnetic field.

KEYWORDS: single-layer graphene - tip-enhanced Raman spectroscopy - confocal
Raman microscopy

(AFM) as well as Raman spectroscopy (RS)
have been used to study the properties of
graphene and image its structure.*~° Due to
the clear and pronounced vibrational spectra
of graphene, Raman spectroscopy is ideally
suited to investigate graphene?' and delivers
information about the number of layers,?%2
strain,?* 2% temperature, as well as sub-
strate effects,>’~2° electronic proper‘cies,3°’32
edge configurations,>* 3> and defects within
the graphene structure.3®~ 3 The easily detect-
able Raman bands within graphene include
the disordered band at ~1350 cm ~' (D-band),
the graphitic band at ~1580 cm ~1 (G-band),
and a second-order iTO phonon mode at
2630—2700 cm ™' (2D-band). Additionally, an
(normally Raman inactive) out-of-plane mode
at 867 cm ' several weak combination
modes, and second-order overtones do exist*
but are usually too weak to be observed in
confocal Raman experiments.

Tip-enhanced Raman spectroscopy (TERS)
yields the same information as confocal
Raman spectroscopy but outperforms it by

* Address correspondence to
zenobi@org.chem.ethz.ch.

Received for review September 15, 2011
and accepted September 29, 2011.

Published online
10.1021/nn2035523

© XXXX American Chemical Society

ACRT A NS
VOL. XXX = NO.XX = 000-000 = XXXX AQMJ\j

WWwWw.acsnano.org

N

A



— Averaged confocal
Raman signal 0.25s

G-band
1575 e

700

e
3
s
=
I
£
k-]
&

2D-band
< 2634 cm’

so0} $ s

I
D-band
1320 em™

500 L " . s . s .
500 1000 1500 2000 2500 3000 3500 4000

10 pm
ik o Raman Shift [cm™]

Figure 1. (a,b) STM images from CVD graphene on Cu, 20 um overview scan and 5 xm zoom showing coarse copper grains and
partially folded graphene on top. (c) A 64 x 64 pixel (65 x 65 um?) confocal Raman image (0.25 s/spectrum) from a different
area, showing the Raman intensity of the graphene 2D-band. (d) Averaged Raman spectrum from (c) showing only the

graphene G- and 2D-band, no CH bending or stretching modes, and only a weak contribution from graphene D-band. In (a,b),
brighter color corresponds to an increase in height; in (c), it indicates an increased signal strength of the graphene 2D-band at

2634 cm™ .

far in terms of lateral resolution (increased selectivity)
as well as sensitivity (increased signal strength). This is
realized by placing a metallic or metal-coated scanning
probe microscopy (SPM) tip into the excitation laser
focus of a confocal Raman microscope, which confines a
part of the laser energy in a very small region under-
neath the apex of the tip by local enhancement of the
electromagnetic (EM) field. With this localized, strong
EM field, molecules in a small area are excited, and the
resulting enhanced Raman signals report chemical in-
formation from this region which is on the order of tens
of nanometers. Some TERS experiments on graphene
have already been presented in the literature*'~**
Hoffmann et al. have shown that Raman signals of
graphene can be enhanced by TERS; Domke et al.
showed spectra from graphene as an adlayer on 6H-
SiC, and Saito et al. showed a TERS image identifying the
layer numbers by the signal intensity and correlated it to
STM scans. With the exception of the work by Saito, the
above only presented point spectra of mixed single and
multilayer graphene. Saito et al. showed spectral images
but only focused on determining the layer number of
graphene from the signal loss due to additional gra-
phene layers. Snitka et al. added data on the shift of
different bands under pressure. None of the above
works detected defects or made use of the fact that
graphene perpendicular to the excitation direction is
only weakly enhanced. Nanoscale detection of defects
in carbon-based materials such as carbon nanotubes
has been presented before*~*” but not on graphene.

In this report, we present a TERS study of graphene
on conductive substrates used in research and produc-
tion. Those suitable for STM distance control, CVD
graphene on Cu, and graphene on Au produced by
the scotch-tape method were investigated making use of
the high spatial resolution, the spectroscopic information,
and the selective enhancement in TERS imaging. Bands
associated with pristine graphene, hydrogen-terminated
graphene, or from contaminations on top of the graphene
film, as well as structural defects within the graphene,
were assigned and localized with sub-diffraction-limited
resolution. The enhancement of the Raman signals allows
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TERS to detect very small defects and localized contam-
inations that would be missed with confocal Raman
spectroscopy, which emits less Raman photons. Simul-
taneously, the graphene bands are only weakly en-
hanced, allowing detection of the presence of a
graphene layer without it interfering with the defect
detection. These experiments could help to verify the
intended structures of graphene layers produced for
electronic devices. By identifying the exact location of
defects, electronic properties, such as in single carbon
nanoribbons, could be explained, or line defects that are
used to increase the conductance along a specific
path'® could be imaged. High-resolution STM has until
now been used to find single atomic mismatches in the
graphene lattice, but due to the necessary atomic
resolution, the scan sizes usually only cover some tens
of nanometers. Using the Raman signature instead of
atomic resolution to detect defects, TERS can cover
larger areas than STM, on the order of hundreds of
nanometers to micrometers, but with additional molec-
ular information compared to the pure structural infor-
mation in STM. Defects on a scale of tens of nanometers
can be detected and localized to within <12 nm.

RESULTS AND DISCUSSION

A sample of graphene produced by CVD, grown on a
20 um Cu foil, was imaged by STM (Figure 1a,b) and
confocal Raman microscopy using ~3 mW, 632.8 nm
excitation by a HeNe laser (Figure 1c). The STM image
shows the typical large copper grain structures and
graphene covering the entire copper substrate with
smooth as well as slightly corrugated surface features.
The more highly resolved image in (b) shows areas with
pristine graphene exhibiting the typical triangular
moiré patterns (see inset) similar to observations on
Cuand Ni.">"%*8 Also, edges and folds of the graphene,
which may result from the structure of the underlying
copper foil,*® are visible. The resolution of the confocal
Raman image (c) is around 1 (close to the diffraction
limit for this wavelength using a 0.7 NA objective) and
was taken from a close-by area. This 64 x 64 pixel
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Figure 2. (a) A 64 x 64 pixel, 640 x 640 nm?2Raman image of graphene on Cu, 0.25 s/spectrum; (b) 32 x 32 pixel zoom from (a);
(c,d) consecutive 32 x 32 pixel images. (a—d) All images show color-coded band intensities of the graphene 2D-band (green)
superimposed on the CH stretching mode (blue). White lines were added to guide the eye. A sample drift of around 20—40 nm
toward the top right is visible. Further differences between the measurements could occur due to enhancement fluctuations,
noise, or thermally induced changes, which could all affect the displayed band intensities.

image was acquired using a 0.25 s/spectrum integra-
tion time. Figure 1d shows an averaged spectrum over
the entire confocal image yielding 200 counts per second
for the graphene 2D-band at 2634 cm™~". This band can
be unambiguously assigned to SLG by its intensity and
position under 632.8 nm laser excitation,***° all indicat-
ing the presence of a single layer of graphene on the
metal substrate. During this and other confocal scans, no
signs of CH bending or stretching modes at the typical
positions of 1450 and 2800—3000 cm™', respectively,
were detected. Occasionally, very weak signs of defects
within the graphene structure were observed, as indi-
cated by the slight shoulder in Figure 1d on the low
energy side of the 1570 cm ™" band.

Due to the use of opaque substrates in the produc-
tion processes of graphene, only a top illumination
TERS configuration®' is suitable to investigate these
samples. The same sample as for the confocal experi-
ments was imaged on a scale of 640 x 640 nm? (the
size of a single confocal laser spot), now using TERS
imaging (Figure 2). A tip-enhanced Raman spectrum
was acquired at every sample location and evaluated
for the intensity of certain Raman bands or Raman
fingerprint patterns. To ensure sufficient reproducibil-
ity of the experiments, the same sample spotin Figure 2
was imaged several times using the same tip, with a
step size of 10 nm and 0.25 s/spectrum. Figure 2a
shows a 640 x 640 nm?, 64 x 64 pixel overview image
followed by a zoom of the central part and two
consecutive 32 x 32 pixel images of the same area
(b—d). Using a short acquisition time, all images were
acquired within 35 min, which minimizes but does not
eliminate drift. The spectral information content from
each Raman image was evaluated and plotted as color-
coded intensity maps of the SLG marker bands. The
images show the intensity distribution of the graphene
2D-band at 2634 cm™' in green and the intensity
between 2800 and 3000 cm ', typical for CH stretching
modes, in blue. The 32 x 32 pixel scans clearly show
that the measurements are quite reproducible, show-
ing only slight differences and some sample drift.
White lines were added to guide the eye. The triangular

STADLER ET AL.

blue structures in the upper parts change between the
images, and an additional CH-terminated structure ap-
pears in Figure 2d, the origin of which we cannot fully
explain at present. One possible reason for the changes
could be thermally induced changes by the localized
field of the tip. An important observation is that the
areas covered by pristine graphene and CH-terminated
carbon species are clearly anticorrelated. Both signals
complement each other well and do not give any
indication of graphene-free areas. The coverage agrees
with previous reports stating that a continuous film
over the entire substrate is produced by the CVD
production method.’ Yet, no reference to the presence
of CH species in these films exists in the literature, most
likely because confocal Raman spectroscopy is not
sensitive enough to detect them. The weak interac-
tions between graphene and the copper surface allow
the graphene film to bridge grain boundaries.*® In
comparison to the weak confocal Raman signals
(with <200 counts per second), the enhanced TERS
band intensities range between 4000 and 8000 counts
per second for the 2D mode of SLG and 8000—16 000
counts per second for the CH stretching modes, show-
ing the mainly near-field contributions in TERS spectra.
The spectroscopic contrast (factor by how much band
intensities increase in the presence of the TERS tip)°’ is
between 40 and 80 for SLG, while the confocally
invisible CH stretching modes are subject to an even
higher enhancement, possibly due to their polarizabil-
ity along the enhanced EM field between tip and
surface. An exact value for the enhancement cannot
be determined without the far field signal. The lower
enhancement for SLG was already observed by Domke
et al.** and can be explained by the fact that the in-
plane vibrational modes of flat graphene are polarized
strictly orthogonally to the excitation direction be-
tween tip and substrate and the detection direction.
Thus, the intensity of the graphene 2D signal is most
likely strongly dependent on the structure of the
substrate; that is, a higher intensity results when
graphene is slightly tilted. Defective graphene areas
seem to be less affected by the excitation direction,
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Figure 3. A 64 x 64 pixel, 640 x 640 nm? Raman image of
graphene on Cu, 0.25 s/spectrum. Background and
enhancement corrected band intensity of the (a) 2D-band at
2634 cm ! typical for single-layer graphene, (b) graphene
G-band at 1580 cm ™', (c) D-band at 1350 cm ', and (d) CH
stretching modes at 2800—3000 cm . Image (c) shows
clear localization of graphene defects (white circles) and the
complementary behavior of the 2D and CH bands. x, *, and
< depict the locations of the spectra shown in Figure 4.

maybe due to broken symmetry. In comparison to the
confocal Raman spectrum (Figure 1d) that hardly
shows any signs of defects, the TERS spectra (e.g., the
red curve in Figure 4) clearly reveal the spectral signa-
ture of the D-band and only a small SLG background.
This shows that TERS detects these defects far more
efficiently than confocal Raman spectroscopy. In con-
focal RS, the defect covers only a very small portion of
the large laser focus surrounded by lots of graphene, in
contrast to TERS where a defect can easily be larger
than the probed spot size and thus accounts for all of
the acquired signal. Thus the relative intensities of
defects in graphene appear far smaller in confocal
experiments and can easily be lost in the background.
To check SLG for the presence of defects, this is quite
advantageous as it emphasizes the defects, contam-
inations, and folds that should be detected, without
creating an overwhelming SLG background signal.

A different area on the same sample was imaged
with 64 x 64 pixels, 0.25 s/spectrum on the scale of
640 x 640 nm* Figure 3 represents intensities of
selected marker bands from within this image, and
typical point spectra are shown in Figure 4. Figure 3a—d
shows different maps of band intensities within a single
Raman image. All spectra for Figure 3 were background-
corrected and corrected for enhancement fluctuations
by normalization to the local enhancement (using the
Raman signals around 130 cm™' that can be assigned
to silver oxide present on the silver tip). The images show
the intensity of (a) the 2D-band at 2634 cm™' typical
for SLG, (b) the graphene G-band at 1580 cm ™', (c) the
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Figure 4. Tip-enhanced Raman spectra of graphene on Cu,
0.25 s, from Figure 3 (indicated by x, *, and <) showing
typical spectra for single-layer graphene (x, solid blue line),
a defect with a pronounced 1350 cm ™" band (x, dashed red
line), and a spectrum from an area with contaminated or
hydrogen-terminated graphene exhibiting strong CH
bending (1450 cm ") and stretching modes

(2800—3000 cm ', <, dotted green line).

D-band at 1350 cm ™, and (d) the CH stretching mode at
2800—3000 cm ™.

In the upper left part, an area of pristine SLG domin-
ates all of the spectra, showing neither defects nor CH
contamination or edges (Figure 4, solid blue line). In
the bottom right half of the image, two areas can be
distinguished. The diagonal feature reaching from the
middle toward the edge of the frame exhibits signals
from D-, G-, and the 2D-band, which leads to the
conclusion that this is a single layer of graphene with
either weak defects or contamination (Figure 4, dashed
red line). The areas left and right of this diagonal
feature show some G-band and mainly CH stretching
and CH bending mode intensity (Figure 4, dotted
green line). This leads to the conclusion that this area
contains hydrogen-terminated carbon atoms from
either a graphene edge region or an organic contami-
nant. A contaminant, however, should still exhibit SLG
signals to some extent, and the edge region should be
considerably smaller. A third possibility is thus the
presence of partly H-terminated graphene, which is
left over from the production process.

The detected defects in Figure 3c highlighted by
white circles are restricted to areas only 100 x 150 nm?,
100 x 250 nm?, and 50 x 100 nm? in size. This under-
scores that we can benefit from the high resolution of
TERS to determine the exact size and position of
defects. Moreover, due to the strong enhancement, it
is possible to detect these small, weakly scattering
defects.

From a thin uniform graphene film, one would
intuitively expect a constant Raman signal over the
entire measurement. Yet, as discussed above, several
effects in a TERS measurement can be superimposed
on the constant signal. First, small fluctuations in the
feedback change the local EM field strength and thus
the Raman intensity. Even more importantly, surface
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corrugations of the substrate, as well as slight changes
in the orientation of the graphene lead to a better
overlap of the EM field used for excitation with the
polarizability of the graphene modes. Although ex-
cited by a focused Gaussian beam, a considerable
amount of polarization of the EM field along the
direction of the tip axis can be expected in gap
mode, > >* which does not efficiently overlap with
the in-plane Raman modes of the graphene. Depend-
ing on the angle and thus the overlap, the detected
local intensity of certain SLG flakes changes dramati-
cally (compare Figure 5).

We also investigated samples produced by the
second widely used production method, the scotch-
tape method. A graphene sample was prepared ac-
cording to standard protocols®> and deposited on
template-stripped gold. TERS imaging was performed
on sample areas preselected in an optical microscope
containing thin graphene flakes. Figure 5 shows a 100 x
100 pixel, 400 x 400 nm? TERS image taken in a
preselected area. The green color again represents the
intensity of the 2D-band from SLG, while the red color
shows the D-band intensity typical for sample defects.
Within the image, a small, very intense SLG area can be
found (white dashed circle, and Figure 5b, green
spectrum). The surrounding area still exhibits SLG
signals, albeit far weaker (by a factor of ~20). Due to
the high contrast, these signals are hardly visible in this
two-colored representation. Two defects within the
surrounding graphene layer were identified due to
their spectroscopic signature depicted in Figure 5b
(red spectrum) and marked with white circles. The
dimensions of these defects are 75 x 45 nm? and
55 x 25 nm?, respectively. The spatial resolution of the
Raman map was determined at two separate locations
in the image, indicated by white dotted lines. The
fwhm of these curves was determined by fitting the
line profiles of the 2D- and the D-band with a Gaussian
to be 10.6 and 11.8 nm fwhm, respectively. The spectra
collected in the upper and the right part of the image
exhibit a different shape and intensity and do not show
the 2D-band of SLG. This indicates a graphene free
region with signals from amorphous carbonaceous
material (black spectrum in Figure 5b).

CONCLUSIONS

An investigation of graphene, based on the TER
spectroscopic signatures of pristine, defective, and
contaminated/H-terminated graphene, has been pre-
sented with a resolution of <12 nm. The expected single-
layer thickness was confirmed from the position of the
2D Raman band. The dependence of the Raman en-
hancement on the orientation of graphene was found
to reduce the signal intensity from graphene itself,
allowing to easily localize defects, folds, and contam-
ination signals on a moderate SLG signal background.
Confocal Raman spectroscopy, in contrast, has 1—2
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Figure 5. (a) A 100 x 100 pixel, 400 x 400 nm? Raman
image of graphene on template-stripped gold, produced by
the scotch-tape technique, 0.3 s/pixel. Band intensity of 2D-
band at <2662 cm ' (green) typical for SLG superimposed
with intensity of graphene D-band at 1350 cm . Areas with
strong defects are visible (white circles, 75 x 45 nm? and
55 x 25 nm?) as well as a small area with intense graphene
signals (dashed white line). The weaker graphene signals in
most of the background are not visible due to the enormous
contrast. (b) Characteristic Raman spectra from the SLG
(green), one defect area (red), and the graphene free back-
ground (black). Resolution has been determined by a Gauss
fit on the white dotted lines as 10.6 and 11.8 nm fwhm,
respectively.

orders of magnitude poorer spatial resolution and
exhibits identical intensity for flat and corrugated
areas. It thus often neglects small defects or folds
within large pristine graphene areas. Small defects
inside continuous single-layer graphene films were
identified with TERS and localized with high precision.
The high signal-to-noise ratio in the spectra (due to the
contrast factor of up to >80 with respect to confocal
Raman microscopy) implies that, by using TERS, even
smaller defects at the resolution limit on the order of
10—15 nm can be localized. This detection and locali-
zation of small defects will be crucial for the production
of reliable electronic structures and devices due to
their influence on the electronic properties of gra-
phene structures (e.g., nanoribbons). The presented
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measurements were conducted on two different
samples based on gold as well as copper, produced
with standard commercial graphene produc-
tion methods in use. They promise a potential use of

MATERIALS AND METHODS

Samples of graphene on gold were produced by coating
>50 nm of gold onto silicon wafers, followed by a template
stripping process similar to the one described by Hegner et al.>®
Freshly cleaved graphite was rubbed against the exposed gold
surface to transfer graphene, and excess graphite was removed by
the scotch-tape method.? Samples of graphene on copper con-
sisted of commercially available SLG on a 20 um copper foil
(Graphene Laboratories Inc., Ronkonkoma, USA) produced by D’

Silver tips for the TERS experiments (99.99% Ag wire, 0.25
mm, Aldrich) were etched similar to previous reports®®*” in a
solution of 1:1 to 1:2 (v/v) of perchloric acid (Riedel de Haen)/
methanol, with an etching voltage of 8 V, and preselected using
a360x stereomicroscope (Nikon, Amstelveen, The Netherlands).

Raman spectra were collected on a combined AFM/STM
instrument connected to a quadruple grating Raman spectro-
meter (NTMDT Ntegra Spectra, Zelenograd, Russia) equipped
with an EMCCD (iDus 720, Andor Newton, Belfast, UK). The tip-
enhanced Raman data were acquired using top-illumination
and top-collection as described in detail by Stadler et al.>'

For each TERS experiment, the laser (632.8 nm helium—neon)
was carefully focused and locked onto the approached STM tip
and the sample scanned underneath both. The laser power at
the sample was usually between 0.1 and 2 mW, and a collection
time between 0.1 and 1 s per spectrum was used.

The acquired 4D TERS imaging data (x, y, Raman shift,
intensity) was processed directly in the proprietary instrument
software and exported as images or ASCII data. No background
corrections were made for the spectra shown except for the
mentioned changes in Figure 3. For the Raman images, band
intensities with respect to the surrounding background were
determined and color-coded. A linewise linear slope correction
was applied for the STM images to correct for sample drift in the
z-direction.
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