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Automated detection and characterization
of graphene and few-layer graphite via Raman

spectroscopy

J. M. Caridad,®P F. Rossella,? V. Bellani,2* M. S. Grandi® and E. DiezP

Several processes have to be automated in order to use graphene in future industrial applications. One of these is the detection
and characterization of graphene and few-layer graphite (FLG) flakes on a substrate. Raman spectroscopy is an ideal tool for
this purpose, as it allows not only the identification of these graphitic materials on arbitrary substrates but also monitoring the
quality of flakes within the sample. In this paper, we report how graphene and FLG crystallites can be automatically detected
and characterized by monitoring the evolution of Raman bands. We present an algorithm that achieves this purpose and thus
has special potential in industrial applications of graphene. Copyright (© 2010 John Wiley & Sons, Ltd.
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Introduction

Consisting of one monolayer of carbon atoms structured in a
honeycomb lattice, graphene is the most recently discovered
carbon allotrope.I"! Because of its novel properties,”? much effort
is devoted to its study.’! Several methods have been reported
in the literature to prepare graphene, such as micromechanical
cleavage,"! epitaxial growth,**! chemical vapor deposition>®! or
chemical exfoliation.” These techniques canin principle create not
only graphene but all sorts of carbon species like flakes consisting
of few-layer graphite (FLG) or bulk graphite. Consequently, locating
possible graphene or FLG fragments within the sample is a
time-consuming process. The large number of technological
applications in which this novel material can be employed®-'"
requires to speed up the detection and characterization process of
graphene and FLG. Therefore, the automation of fast and robust
visualization techniques is highly desirable within this emerging
area.

Several methods have been described in the literature for
detecting and characterizing graphene and FLG, which can be
grouped into optical microscopy, scanning probe microscopy
and photon scattering. Visualization via optical microscopy
allows a fast survey of large areas. The identification is either
performed by observing the contrast between graphene and the
substratel®'2=14 or by a total color difference method."'” Both
techniques depend on the thickness and optical properties of an
intermediate dielectric layer placed between graphene (or FLG)
and the substrate. This technique exploits an appropriate substrate
and dielectric film to unambiguously characterize graphene and
FGL crystallites; thus, it cannot be used in the fabrication of
graphene-based devices on arbitrary substrates. Scanning probe
identification tools provide atomic-scale resolution despite of alow
throughput. Atomic force microscopy (AFM) is commonly used to
measure the thickness of graphene and FLG"'%'7); however, the
literature reports certain deviation in thicknesses values, which
suggests a dependence on experimental laboratory conditions,
sample preparation or both.'8 Scanning tunneling microscopy

(STM) and transmission electron microscopy (TEM) can detect
structural ripples of nanosized graphene,'2% but STM requires
an extra measurement (typically AFM or Raman spectroscopy) to
identify graphenel®'’ and TEMis a destructive technique.''”! Finally,
scanning electron microscopy (SEM) allows distinguishing FLG
from thicker graphitic flakes,’?? although this method is not viable
foridentification due to the introduction of a contaminant layer on
the exposed area.'¥ Detection tools based on photon scattering
areimportantto obtaininformation about the structural properties
of matter. Raman spectroscopy by itself, or a combination
Raman and Rayleigh spectroscopy, is the main technique used
to detect graphene and FLG.'®1723241 Raman spectra provide
clear detection of graphene and FLG and also achieve information
about graphene edges,'5-27 doping!28-3% and defects.?Y The
papers cited above present Raman results for graphene and FLG
flakes grown on Si with a SiO; thin dielectric layer; nevertheless,
recent studies show that this technique is also applicable on
arbitrary substrates.?32 A detection procedure faster than Raman
imaging to find graphene and FLG is achieved by combining
Rayleigh and Raman spectroscopies.'”! Both measurements can
be done at the same time using a notch filter to reduce the
elastically scattered light. Considering the previous arguments,
the combined Raman-Rayleigh or only Raman techniques appear
to be two appropriate tools to efficiently automate the location
and characterization of graphene and FLG. However, in the former
method, i.e. when the two techniques are merged, the microscope
has to be set up properly to avoid charge-coupled device (CCD)
saturation because of the Rayleigh band intensity (even with a
notch filter placed before the CCD, this signal still remains greater
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that the Raman fingerprints). In this way, it is not easy to detect
weaker Raman bands and therefore difficult to obtain some extra
information about graphene (or FLG).

In this work, we report how an automatic detection and
characterization of graphene and FLG crystallites can be performed
by examining the Raman spectra. We confirm the validity of this
algorithm using AFM measurements. The paper is organized as
follows: in the section ‘Experimental’ we present the experimental
details; in the section ‘Results and Discussion’ we illustrate Raman
fingerprints as an identification tool for graphene and FLG; from
this discussion, we suggest in the section ‘An algorithm for
graphene and FLG characterization’ a fast, efficient and robust
algorithm that achieves the proposed goal. Finally, the section
‘Conclusion’ contains conclusionsand perspectives for future work.

Experimental

Grapheneand FLG were prepared using micromechanical cleavage
(and independently characterized) by the company Graphene
Industries. The substrate employed is (100)-oriented Si with
an approximately 300 nm dry thermal SiO, thin film. Figure 1
shows the optical images of the two samples used for this work
(containing graphene, bilayer and trilayer graphite). The difference
in the color between Fig. 1(a) and (b) is due to the thickness of
SiO, layer and is perceptible also in zones without graphene or
FLG. Really, because of interference effects, the color of SiO, on
Si depends on the thickness of SiO, film, which is between 280
and 310 nm. For these thicknesses, the color of the wafer varies
from violet/blue to blue, and this explains the two colors that we
observe in Fig. 1(a) and (b).3!

Raman scattering measurements were carried out with a micro-
Raman spectrometer (Horiba Jobin-Yvon apparatus) using a 100 x
objective (laser spot ~1 um?). The instrument spectral resolution
was approximately 2cm~' and the employed laser excitation
wavelength was 632.81 nm. A notch filter was installed before
the CCD detector to stop the laser light. Accurate calibration was
carried out by checking the Rayleigh band and Si band at 0 and
520.7 cm™, respectively. All experiments were performed at room
temperature. The measured areas were scanned with a spatial
resolution of approximately 0.5 um. The acquisition time used for
all the positions was of the order of a few minutes (from 1 to
3 min in the mappings presented here), and power on the samples
was below 1 mW to avoid heating and to preserve the sample.’%
We undertook AFM measurements with a Digital Instruments
MMAFM-2 equipment. The atomic force micrographs were made
in tapping mode using diamond-like carbon coated tips with a
nominal radius of 15 nm.

Results and Discussion

Raman imaging and Lorentzian deconvolution as graphene
and FLG identification tools

The so-called G, D and two-dimensional (2D) bands are the three
principal Raman features in carbon allotropes,?3 which lie in
graphite atapproximately 1580, 1300 and 2700 cm~', respectively.
The G band corresponds to the E;q phonon at the Brillouin zone
center, the D peak is due to the collective breathing modes
of rings within the graphene lattice®> and the 2D peak is the
second order of D line.’3! By the imaging parameters of the
Raman bands, the detection and characterization of graphene

Figure 1. Optical microscope images of the studied areas. (a) Graphene
(A1) and three-layer graphite (A2); graphene zone has two small ‘cuts’ as
we will detect later on Raman mappings. (b) Graphene (B1) and two-layer
graphite (B2). The substrate for both samples is Si with a 300-nm SiO; thin
film.

or FLG can be achieved.'®2423] Moreover, through G, D and
2D Raman modes, valuable information can be extracted such
as the quality of graphene and FLG layers,*” intrinsic doping
due to the substrate, 28! temperature®* and strain exhibited
in the sample.P® Nevertheless, special problems arise when
attempting to automatically perform these tasks (noise spikes in
the measurement registered by the CCD, stability of laser intensity,
unintentional impurities within the sample, defects, etc.). In the
following paragraphs, we illustrate and discuss the information
from G, 2D and D bands that can be used to detect and characterize
graphene.

G band

Figure 2 shows Raman imaging from the area selected in Fig. 1(a)
depending on four parameters: G peak intensity [IntPeak(G)],
G band integrated intensity [Int(G)], G band full width at half
maximum [FWHM(G)] and G peak shift [Pos(G)]. A distinction
between the number of stockpiled graphene sheets can be
achieved by considering IntPeak(G). (Note that this parameter
cannot determine absolutely by itself whether an areais graphene,
FLG or bulk graphite; it allows the discrimination among graphene
layers by comparison.) This parameter increases linearly with
increasing number of layers in FLG. As seen in Fig. 2(a), IntPeak(G)
presents some fluctuations inside graphene (or FLG) regions;
however, those variations are much smaller compared to the
change among the different zones. Furthermore, graphene edges
and FLG edges can be detected as well through the changes
in intensity levels at the borders. The main disadvantage of this
parameter is that it is very sensitive to the presence of spurious
noise spikes. By imaging the integrated intensity of the G band, i.e.
Int(G), areas with graphene or FLG can be differentiated (Fig. 2(b)).
Despite of the slight degradation of its value due to doping,B”!
Int(G) grows almost linearly up to nine layers approximately.3!
This behavior makes this parameter suitable for locating and
characterizing graphene and FLG by comparison with different
positions. Moreover, Int(G) is almost insensitive to the presence
of noise spikes (the latter have much smaller areas than Int(G)).
FWHM(G) imaging (Fig. 2(c)) should not be used to characterize
graphene. It does not exhibit any substantial change for graphene
and FLG.BY Furthermore, this parameter varies depending on the
impurity concentration (for higher concentrations, the G band
FWHM decreases).?837! Pos(G) shifts toward lower wavenumbers
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Figure 2. G band Raman imaging. The number of graphene layers can be clearly identified by comparison using IntPeak(G) (a) and Int(G) (b). FWHM(G)
(c) and Pos(G) (d) undergo considerable changes with doping, making these two parameters unsuitable for characterizing graphene (FLG).

Int(D)

TesE

Figure 3. D peakintegrated intensity. Under circular laser polarization, D band is active near the borders due to the presence of armchair edge or disorder
(zone A), or in the defective regions in the middle of the graphene area (zone B). It can be appreciated how in edges without disorder and with zigzag

chirality, the D band is not active (zone C).

with increasing number of graphene sheets (Fig.2(d)). Pos(G)
is dependent on the substrate on which graphene (or FLG) is
grown!?332 and shifts when graphene is doped,?837! making this
parameter unsuitable for characterizing graphene or FLG.

D band

Under circular laser polarization, the D band appears in the
presence of defects in graphene and FLGE® or when armchair
chirality or defects are present at the borders.?>=27) The value of D
band integrated intensity, Int(D), is proportional to the amount of
armchair or defects that exists within the laser spot area. Figure 3
shows animaging of Int(D). We can observe that some positions on
graphene edges have an intense D band, indicating the presence

of armchair edge or disorder. Moreover, there are positions not
located on the border with considerable Int(D), due only to defects
in graphene (or FLG).

2D band

Graphene and FLG identification can be obtained using 2D Raman
band as well.B% This process can be achieved in two different ways:
(1) by fitting the band through Lorentzian deconvolution and
(2) by comparing the band parameters of neighboring positions.
Concerning method (1), we mention that the graphene 2D line
is a single, sharp Lorentzian peak and bilayer graphite has four
Lorentzian components,?% while a recent workB?! shows that
trilayer graphite has nine optical processes that contribute to the

J. Raman Spectrosc. (2010)
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Figure 4. 2D band Raman imaging obtained by comparing the band parameters of neighboring positions. IntPeak(2D) (a), Int(2D) (b), FWHM(2D) (c) can
clearly distinguish between graphene and FLG. This is due to graphene having a single Lorentzian peak, whereas for FLG the 2D band is the convolution
of several peaks. However, the 2D band does not provide a clear identification among different FLGs.

2D band. To date, the Lorentzian deconvolution for more than
three graphene layers has not been reported, but the 2D line has
been commonly fitted using two peaks as for bulk graphite.l'624
Thus, graphene and FLG characterization using 2D band fitting
is a direct and robust identification method, as it does not need
comparisons among neighboring positions; however, 2D peak
fitting can provide unambiguous characterization only up to
three-layer graphite. Moreover, method (1)is time consuming
due to the computational work to deconvolute a 2D band into
the corresponding Lorentzian components. In this work, 2D band
fittings for graphene, bilayer and trilayer graphite were undertaken
only when necessary, using the methods explained by Dresselhaus
and coworkers.3%4% Fig. 4 shows the 2D band Raman imaging of
the region selected in Fig. 1(a) obtained using method (2), where
the different zones in the mapped area have been differentiated
by comparing the band parameters of neighboring positions.
Especially appreciable are the differences between graphene and
FLG imaged 2D band peak intensity [IntPeak(2D)], integrated
intensity [Int(2D)] and FWHM(2D).

However, this comparison method does not provide significant
changes among FLGs; therefore, we do not compare 2D band
values to characterize graphene and FLG in this work. As regards
graphene purity, Fig.5 presents three Raman imagings which
can be used to monitor the quality of the sample. Figure 5(a)
reports D peak integrated intensity /(D) (only for the graphene
region). As stated before, the D peak is activated by disorder and
increases with its amount.2837! Fig. 5(b) and (c) shows doping
concentration in the sample by imaging two different ratios:
Pos(G)/FWHM(G) and I/(2D)/I(G), respectively. Doping in graphene
is induced by unintentional impurities on the substrate and by
absorbates.!?! For higher doping concentrations, Pos(G) increases,
FWHM(G) decreases, I(2D) decreases and /(G) increases.2837! Thus,
for higher doping concentrations, the ratios Pos(G)/FWHM(G) and

1(2D)/I(G) willincrease and decrease, respectively. These behaviors
are clearly shown in Fig. 5(b) and (c). Both figures agree and, in this
case, it can be appreciated how high doping areas such A and B
are near the border.

Finally, we used AFM to confirm the validity of the Raman results.
The thicknesses measured by AFM of the different zones which
appearinthe selected areas of Fig. 1 are as follows: 0.9+ 0.3 nm for
regionA1,2.84+0.2 nmforA2,0.8+0.3 nmforB1and 1.74+0.3 nm
for B2 (values are averaged among five random positions within
each area). Comparing this data with previous studies,!'”/1824!
we verify that the selected region in Fig. 1(a) is composed by a
graphene monolayer and three-layer graphite, while the chosen
area in Fig. 1(b) contains graphene and bilayer graphite.

An algorithm for graphene and FLG characterization

Having illustrated the main Raman features that can be used
to detect and characterize graphene and FLG, we present an
algorithm that automatically and efficiently achieves this purpose.
The flowchart of the algorithmis shown in Figs 6 and 7. The general
algorithm is presented in Fig.6, and it can be divided into five
blocks:

(1) Reading of the Raman spectra.

(2) Detection of agraphene position within Raman spectra fitting
2D band. If graphene is not found, the process would go
on fitting bilayer graphite. Then, if no bilayer graphite is
detected, the process would be repeated for trilayer graphite.
Eventually, if no trilayer graphite is encountered, 2D band
cannot unambiguously differentiate the rest of FLG, and
therefore only G, D and 2D band imaging results will be the
outcome of the algorithm.

(3) If graphene, bilayer or trilayer graphite are found in some
position, the G band integrated intensity is calculated
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Figure 5. Graphene defects and impurity concentration. Defects are monitored by D peak intensity /(D) (a), and doping levels through the ratios
Pos(G)/FWHM(G) and /(2D)/I(G) (b and c). Both ratios increase and decrease, respectively, when the impurity concentration increases.
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Figure 6. General flowchart of the algorithm.

[IntCalc(G)] up to nine layer graphite, since, for FLG, Int(G)
grows linearly with the number of the graphene layers.28 The
characterization of the rest of the positions is done comparing
the difference IntCalc(G) - Int(G) with an offset, which is
defined by the user when calibrating the experimental
conditions.

The algorithm performs the routine successively to charac-
terize all the positions, as described in Fig. 7.

Finally, the program produces an image showing the
characterization of all the zones within the imaged area.

(4)

()

The algorithm's core is the subroutine that characterizes all the
mapped positions depending on their Raman spectra. Its flowchart
is illustrated in Fig. 7. This routine takes Raman spectra and the
previously calculated IntCalc(G) as inputs. It can be split into three
main blocks:

J. Raman Spectrosc. (2010)
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(i) First, Int(G) is compared with the calculated values IntCalc(G).
If Int(G) matches with any of IntCalc(G) (for a certain tolerance
chosen by the user), the position is characterized with the
corresponding number of layers.

If Int(G) does not match with any IntCalc(G), the routine checks
whether the position is a border position graphene-substrate
(Int(G) < IntCalc(G) of graphene; 2D band can be fitted to one
single Lorentzian peak). In the affirmative case (the position
is a border between graphene and substrate), Int(D) will
discriminate the presence or absence of armchair/disordered
edge in that particular position. In the negative case, there
is a contradiction between G and 2D band parameters and
the routine will output an ‘uncharacterized position’ (The
‘uncharacterized position’ case is obtained either under
abnormal situations (high disorder, considerable spikes in

(ii)

www.interscience.wiley.com/journal/jrs
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Figure 8. Stages in the characterization process: (a) identification obtained by Int(G); second (b) edge composition is characterized by Int(G), 2D line and
Int(D); (c) by fitting 2D band of previous unknown positions, some areas can be finally characterized.

the measurement, etc.), or when the scanned position is on Figure 8 represents the three stages within the characterization
the border between FLG and substrate, where the Int(G) is  subroutine for the area presented in Fig.1(a). Identification
low due to the fact that the laser spot takes FLG and substrate  through Int(G) (Fig. 8(a)) presents some uncharacterized areas
area and the 2D peak cannot be fitted to one Lorentzian peak (black areas). Then, positions belonging to border places are
(as would correspond to graphene)) identified via Int(D) (Fig.8(b)). Finally, in the case of having
(iii) If the position is not in the border, its 2D band will be fitted uncharacterized positions’, still 2D band fittings (Fig. 8(c)) are

erformed to identify them if possible.
to the two nearest values in IntCalc(G). If the 2D band fits to P 4 P

o ) ) ) In Fig. 9, we show the program results for the scanned areas
any of them, the position will be characterized; if not, there presented in Fig.1. As already mentioned, we used the AFM

is a contradiction between G and 2D band values (mightbe  yegylts to prove the efficiency of the algorithm. We have tested
due to spikes during the measurement), and the position will  the algorithm for several samples and it was able to characterize
be established as ‘uncharacterized position’. most positions within the mapping (roughly we have employed

|
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Figure 9. Final characterization of the areas presented in Fig. 1. The final uncharacterized regions (black pixels) are those in which the laser spot is incident

simultaneously in two zones (graphene-FLG, FLG-substrate or FLG-FLG).

the algorithm for more than 20000 Raman spectra producing
satisfactory results in approximately 90% of cases). Computation
time for data processing of 500 spectra is around 2 min (data
processing was undertaken in a 1-GHz processor desktop).
Furthermore, as shown in Fig.9, most of the ‘uncharacterized
positions’ remaining at the end of the program correspond to
transitions graphene-FLG, FLG-substrate or FLG-FLG.

Conclusion

In conclusion, we have presented an algorithm that undertakes
a basic but robust characterization of graphene and FLG by
selecting and combining appropriate parameters of the Raman
spectra. This identification method can be used for any type
of substrate. The possibility of having an efficient automatic
detection and characterization method for graphene and FLG
is vital in order to be able to use this promising material for
industrial applications and nanodevices. Moreover, the algorithm
can be continuously upgraded simultaneously as Raman studies
on graphene go further. For example, some improvements can
be introduced using the information shown in Fig. 5 to select and
detect the quality of graphene, i.e. disorder and doping levels.
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