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a b s t r a c t

A metrological framework for statistical analysis of number of layers and stacking order in mass-
produced graphene using Raman spectroscopy is presented. The method is based on two complemen-
tary protocols, denominated by 2D and G. The 2Deprotocol is based on the parameterized principal
component analysis of the two-phonon 2D band, and it measures interlayer coupling. A neural-network
algorithm for spectral denoising was also developed to improve the outcome. The Geprotocol explores
the intensity of the bond-stretching G band, and provides information about the number of layers. The
method is suitable for automated statistical analysis of heterogeneous graphene-based systems with
relatively low computational cost, as shown here for graphene flakes prepared by the liquid-phase
exfoliation of graphite.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the advent of graphene production in large scale, the
development of versatile methods that allow prompt statistical
characterization becomes a crucial step towards quality. The mea-
surement of the number of stacked layers, N, is one of the most
important items in the characterization process of graphene sam-
ples [1,2]. These measurements can be performed through different
techniques such as optical contrast [3e6], atomic force microscopy
(AFM) [7e9], photoelectron emission electron microscopy (PEEM)
[10], spin Hall effect (SHE) of light [11], light absorption [12], and
Raman spectroscopy [4,6,13e30].

So far, the most common technique used for identifying the
number of layers, N, is Raman spectroscopy. The measurements can
be performed by three distinct routes: (i) the intensity of the G
band, occurring at 1580 cm�1 and associated with the CeC bond
stretching mode [4,6,18,19,26,27]; (ii) the frequency of the shear
vibrational mode [28,29,31e36]; and (iii) the shape of the 2D band,
ado).
a two-phonon band associated with a totally symmetric transversal
optical phonon mode occurring near the corners of the first Bril-
louin zone [13e24,30]. However, the methods developed up to date
have numerous problems, as systematically discussed here, and are
not ready to be applied on the quality control of large amounts of
material.

This work presents a method based on two complementary
protocols, named as 2De and Geprotocols, for the measurement of
interlayer coupling and number of layers in graphene systems using
Raman spectroscopy. The 2Deprotocol is based on the parameter-
ized principal component analysis (PCA) [37] of the 2D band’s
frequency and shape. In the case of the Geprotocol, the information
about the number of layers is linked to the G band intensity.
Combined, they provide a robust method to determine statistical
distributions on the number of layers and the degree of interlayer
coupling in heterogeneous systems. A semi-automated framework
was developed for the simultaneous analysis and quantification of
thousands of graphene flakes prepared by the liquid-phase exfoli-
ation of graphite, showing that the method is suitable for the
analysis of mass-produced graphene flakes.
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2. Experimental details

2.1. Standard samples

The standard graphene samples were produced by mechanical
exfoliation of natural graphite, using the “scotch tape”method [38].
Fig. 1 provides an example of how the standard samples were
produced and characterized. In Fig. 1 (a), an optical microscopy
image of a representative graphene sample sitting on a Si substrate
covered with a 90 nm thick SiO2 layer is presented. The optical
contrast clearly shows that the flake has several plateaus with
distinct numbers of layers. It is important to produce samples
whose plateaus have relatively large area (at least a few micro-
meters wide) to avoid edge effects in the Raman spectrum. Fig. 1(b)
shows a Raman map acquired in the same area shown in Fig. 1(a).
The measurement was performed using a Witec imaging system,
model alpha 3000, with a 532 nm excitation laser source with su-
perficial power density ofz 105 W/cm2. The color scale renders the
G band intensity.

Fig. 1(c) shows an AFM image obtained from the same area as
shown in panels 1 (a,b). The measurement was performed using a
Park instrument, model NX10, in contact mode, using a HQ:NSC36/
Al-Bs tip. As for the Raman case, the determination of numbers of
layers by AFM is not trivial. The process is influenced by a wide
range of factors, such as the scanningmode [7,39], the type of forces
involved [8], and the substrate [9]. The relative height between two
plateaus can be precisely measured and the result must be a mul-
tiple of the separation distance between two adjacent graphene
layers (~ 0.335 nm) [40]. On the other hand, the value obtained for
the height of a single monolayer flake ranges from 0.4 to 1.7 nm [8].
The difference lies in the distinct forces involved between the tip
and the substrate supporting the graphene, which depends on the
tip’s type, the substrate’s type, the presence or not of contaminants,
and the scanning mode [7]. For this reason, the first step in our
procedure was to identify a monolayer piece by Raman spectros-
copy (2D band’s shape). This piece then serves as a base reference
for other pieces nearby. To make sure this procedure works prop-
erly, we search for a step-like structure as the one shown in Fig. 1, in
which the lowest step is formed by a monolayer flake (as identified
from the 2D band’s shape). The number of layers of the thicker
plateaus (adjacent steps) are determined by AFM, considering the
relative heights between adjacent plateaus. For example, by
following incremental steps like this, the plateaus marked with the
characters a, b, c, d, and e in Fig. 1 were addressed with one, two,
six, seven and eight stacked graphene layers, respectively.
Fig. 1. (a) Optical microscopy image of a representative graphene sample sitting on a Si sub
shown in panel (a). The color scale renders the intensity of the bond-stretching G-mode, occ
(a,b). (A colour version of this figure can be viewed online.)
2.2. Sample preparation for hyperspectral Raman mapping

The heterogeneous graphene-based sample preparation is a
critical step for hyperspectral Ramanmapping. The graphene flakes
must be spread over a flat and clean surface in such a way that they
are not too far from each other, to guarantee the statistical character
of the measurement, and not too close, to avoid stacking. The first
step to achieve this goal is to functionalize a clean SiO2/Si substrate
to guarantee that a large number of graphene flakes with different
thicknesses and lateral sizes stick on it. The process starts with the
preparation of an aqueous solution of (3eAminopropyl)triethox-
ysilane (APTES) with a 1:40 dilution in DI water. The SiO2/Si sub-
strate is dipped into the solution for approximately 15 min, to grow
a thin layer of APTES over its surface. The APTES functionalizes the
SiO2 surface in order to enhance the adherence of the graphene
flakes on it. This is important to avoid agglomeration and/or su-
perposition of flakes. Afterwards, the substrate is rinsed with DI
water and dried with a N2 blow. This process must be repeated 5
times. Once the substrate is properly functionalized, the graphene
solution is dropped and spread over the entire SiO2 surface. The
optimal waiting time for the flakes to stick on the substrate de-
pends on the graphene concentration, being z10 s for z1 g/L, and
z2 min for � 0.1 g/L. Finally, the substrate is again wiped with DI
water and dried with a N2 blow for 5 times.
3. The 2Deprotocol

Fig. 2 shows representative 2D band spectra obtained from
standard graphene samples (section 2.1) with distinct numbers of
stacked layers, as indicated by the numbers written in the top-right
corner of each panel (the details on how these numbers were
measured are explained in section 2.1). The abbreviation HOPG
stands for highly oriented pyrolytic graphite. The graphics clearly
show the differences in the 2D band shape for different numbers of
layers. Anyone could easily point out the spectrum obtained from
monolayer graphene, for which the 2D band presents a symmetric
Lorentzian shape. An expert may be able to point out the differ-
ences between the 2D band obtained from few-layer (2e5 layers),
multi-layer (6e10 layers), and above (more than 10 layers up to
graphite). Although these differences are visually clear by com-
parison, a systematic fitting procedure that allows one to identify
the exact features that generate them is not trivial [30]. An excel-
lent example is given in Ref. [41], which describes the complexity of
the mechanism giving rise to the 2D band in bilayer graphene. This
type of fitting analysis becomes unpracticable for heterogeneous
strate covered with a 90 nm thick SiO2 layer. (b) Raman map acquired in the same area
urring at ~ 1580 cm�1. (c) AFM image obtained from the same area as shown in panels



Fig. 2. Representative 2D band spectra obtained from standard graphene samples with distinct numbers of stacked layers N, as indicated by the number in the top-right of each
panel. The experimental determination of N was discussed in section 2.1. The abbreviation HOPG stands for highly oriented pyrolytic graphite. The measurements were performed
using a 532 nm excitation laser line. (A colour version of this figure can be viewed online.)
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systems such as graphene powders or aqueous solutions, for which
robust characterization requires statistical treatment [1,2].

The parameterized PCA algorithm employed here has the same
basic groundwork as the method introduced in Ref. [37]. In the
parameterized PCA, a subspace is defined by considering the most
relevant principal components (PCs) extracted from the Raman
spectra obtained from the set of standard samples. In the present
case, these samples are mechanically exfoliated pristine graphene
flakes whose numbers of stacked layers were previously determined
by a combination of optical microscopy, AFM, and Raman spectros-
copy measurements. The detailed procedure is presented in section
2.1. Once the number of layers of a given standard sample is deter-
mined, its Raman spectrum ismeasured and the 2D band is recorded
as a tagged template. Representative spectra obtained from standard
samples (with distinct numbers of layers) were shown in Fig. 2.
Before being analysed by the PCA algorithm, the 2D band undergoes
a linear baseline subtraction, followed by an intensity normalization
which turns its maximum amplitude into unity.

The PCA algorithm starts with the construction of a n�mmatrix
in which the elements are recorded spectral intensities. The lines
correspond to sample spectra, and the columns correspond to
wavenumbers. The coordinate space undergoes a transformation
that defines a new basis composed of principal components PCi,
with i ¼ 1;2;…;m. The experimental data is then rewritten on this
new basis in such away that each experimental data is described as
a linear combination of the principal components. The output PCs
are written in spectral forms carrying spectral features that en-
riches minimal variations related to specific properties of the
sample, being more sensitive than the original spectra [37].

Similar spectra as the ones shown in Fig. 2 were analysed by
PCA, and the results are shown in Fig. 3. It is important to notice
that, due to differences in the double-resonance process giving rise
to the 2D band, its frequency and shape strongly depends on the
excitation laser line [24]. For this reason, the comparison between
different samples by PCA is only possible for data obtained with the
same excitation laser energy. In the current work we have
measured the same standard samples with three distinct laser
wavelengths, namely 458, 532, and 633 nm, and the results are
shown in Fig. 3(a), 3(b), and 3(c), respectively. Each graph shows a
two-dimensional mapwhose coordinates are the first two principal
components. Our analysis show that z98% of all spectral infor-
mation contained in the 2D band can be decomposed in these first
two components, named here as PC1 and PC2. Therefore, the two-
dimensional plot of PC1 vs. PC2 represents a phase space that de-
fines the main spectral features of the 2D band. Since the shape of
the 2D band strongly depends on the number of layers, Raman data
obtained from samples with different number of layers may dwell
different locations in this phase space.

Each data point in Fig. 3(a), (b), and 3(c) represents the result
obtained from the PCA algorithm performed on the 2D band
spectrum extracted from a specific standard sample. Data obtained
from samples with same number of layers are represented with the
same color (the number of stacked layers associated with each
group is indicated in the graph). It is interesting to observe how the
evolution with the number of layers follows a well defined trajec-
tory in the phase diagram. Although distinct groups are easily
distinguishable, the data points belonging to a specific group also
present some degree of dispersion. This dispersion is specially
important for the monolayer, and may be attributed to frequency
variations due to strain and/or doping [42,43]. Besides, the
dispersion is more evident along the PC2 component, which sug-
gest that this component is susceptible to the 2D band’s frequency.

The phase space defined by the set of standard samples maxi-
mizes the variances among their Raman spectra. In the parame-
terized PCA, the same process of orthogonal linear transformation
established for the standard samples can be performed over spectra
obtained from “real samples” (samples to be characterized). In
another words, once the parameterized phase space is determined,



Fig. 3. (a,b,c) Plot of the first two principal components, namely PC1 and PC2, related to Raman spectra extracted from standard graphene samples. Data with same color were
obtained from samples with same number of stacked layers, N (the number is indicated near each respective group). Panels (a), (b) and (c) show data obtained using 458, 532, and
633 nm excitation laser wavelengths, respectively. HOPG stands for highly oriented pyrolytic graphite. (A colour version of this figure can be viewed online.)
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any additional data can be projected onto this phase space to be
classified according to its relative location. The classification pro-
cess can be performed in numerousways. In the current case, better
results were achieved by defining a discrete probability function as
follows. The phase space is decorated with m groups of standard
samples. Each group is associated with a given number of layers, N.
The quantity Pij that gives the relative probability that a real sample
i is associated with a specific standard group j is defined as

Pij ¼
dnijPm
k¼1d

n
ik

(1)

where dij is the “distance” (in the PC’s phase space) between the
projection of the data extracted from sample i and the center of a
group of data extracted from standard samples classified by the
index j. n � 1 is a factor that penalizes the contribution from distant
groups. The distance dij is weighted by the sum in the denominator
of Eq. (1), which adds together the distances between the data
extracted from sample i and the center of all m groups of data
extracted from the standard samples. Based on the computed
probability and a pre-defined confidence interval, we can associate,
within a certain level of certainty, each spectrum with a certain
number N.
4. The Geprotocol

Previous works have explored the dependence of the G band
intensity on the number of layers in graphene, fewelayers gra-
phene, multielayer graphene and graphite [4,6,18,19,26,27]. Usu-
ally, the G band intensity increases monotonically with N for flakes
with N � 10 which, according to the International Standards Or-
ganization, are considered as graphene [44]. For N> 10, the
Geintensity drastically drops [18,26], being comparable to the in-
tensity obtained from monolayer graphene for Nz 150 and above
[26]. In this case, the same intensity can be obtained for two
samples with distinct N’s (one with N<10, the other with N> 10).
In Ref. [6], a HOPG was used as a reference material. For that, the
intensity of the G band obtained from graphene samples withN � 5
was normalized by considering the G band intensity in the Raman
spectrum of HOPG. However, this calibration method has draw-
backs. First, the aforementioned ambiguity for N< 10 and N> 10
remains. Second, the reference signal comes from a different
sample (the HOPG crystal), obtained in a distinct experiment.
Ideally, the reference signal should be present in the same spec-
trum as the measured signal.
The Geprotocol presented here takes the Raman intensity from
the SiO2/Si substrate underneath as a reference signal. Fig. 4(a)
shows representative spectra obtained from standard graphene
samples with distinct numbers of layers N, as indicated for each
spectrum. The reference samples are the same as used for the
2Deprotocol. Details about their preparation and determination of
the number of layers are explained in section 2.1. The Raman
spectroscopy measurements were performed using a 532 nm
excitation laser line, and the thickness of the SiO2 layer on the Si
substrate was 90 nm. All spectra in Fig. 4(a) were normalized in
such a way that the G band is visualized with the same apparent
intensity for all of them. In this picture, it is easy to see how the
Raman signal from the Si substrate, at z 920 cm�1 [45], becomes
weaker if compared to the G band signal as the N increases. The
reason is that, due to the backscattering geometry used in the
experiment, both incident and scattered fields on and from the Si
substrate, respectively, are blocked by the graphene piece atop.
Fig. 4(b) shows the plot of the ratio between the G band intensity,
IG, and the Raman signal from the Si substrate, ISi, as a function of N.
As shown in the graphics, although the relation becomes highly
nonlinear for N>10, all values of IG=ISi for N>10 overcome the
value obtained for N ¼ 10. In other words, the N<10 vs. N>10
ambiguity is surmounted.

The dependency of the IG=ISi ratio on N has a monotonic trend
for N � 10, as shown Fig. 4(c), which is a magnification of the blue-
boxed area in Fig. 4(b). The bullets are the experimental points, and
the dashed line is a fit according to the empirical relation

IG

,
ISi ¼ aþ b� a

1þ ðN=cÞ2
; (2)

with the fitting parameters a ¼ 20:7, b ¼ 0:6, and c ¼ 11. There are
three important details to be noticed. First, because IG strongly
depend on the thickness of the SiO2 layer, the fitting parameters (a,
b, and c) obtained here are only valid for samples sitting on SiO2/Si
substrates whose SiO2 layer is 90 nm thick. Second, the fitting pa-
rameters obtained here are only valid for experimental data ob-
tained with a 532 nm laser line. Third, Equation (2) is only valid for
N � 10 (graphene).

Each rectangular box in Fig. 4(c) is related to a given N, and its
length is equal to 1. If the IG=ISi value of a given sample falls in a box
centered at an specific N, the sample will be tagged as a graphene
with N layers. If the IG=ISi ration is larger than the values defined by
the box centered at N ¼ 10, the sample will be tagged as a graphite
piece.



Fig. 4. (a) Representative spectra obtained from standard graphene samples with distinct numbers of stacked layers N, as indicated by the number on the top of each spectrum. The
determination of N was made following the PCA analysis of the 2D band. The measurements were performed using a 532 nm excitation laser line. (b) Plot of the experimental data
obtained for the ratio between the G band intensity, IG, and the Raman signal from the Si substrate, ISi, as a function of N. (c) Magnification of the blue-boxed area in panel (b). The
bullets are the experimental points, and the dashed line is a fit according to Eq. (2). Each rectangular box defines the range of IG=ISi values that should be assigned to the respective
N. (A colour version of this figure can be viewed online.)
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5. Case study: statistical analysis of liquid-phase exfoliated
graphene flakes

One of the most important advantages of using the 2De and
Geprotocols is the possibility of classifying large amounts of data
with relatively low computational cost. To illustrate this capability,
we have characterized a graphene sample produced by liquid-
phase exfoliation (LPE) of natural graphite [12,46]. In this process,
the separation of graphene from the remaining micronized
graphite is attained by centrifugation. The 2De and Geprotocols
were performed over hyperspectral Raman maps of several thou-
sands of individual flakes spread out over a flat APTES-
functionalized SiO2/Si substrate with 90 nm of SiO2ethickness
(see details about sample preparation in section 2.2). The Raman
maps covered 10 mm � 10 mm areas, in steps of 100 nm. Each
spectrum was taken within 0.1 s of accumulation time, and the
superficial power density of the 532 nm laser line was kept at z
105 W/cm2 to avoid sample heating.

Fig. 5(a) shows the plot of the PC2 vs: PC1 components
describing the 2D band. Each green data point corresponds to a
single spectrum extracted from the hyperspectral Raman map of
the LPE sample. The red bullets indicate the center of mass of each
group of data points plotted in Fig. 3(b) (corresponding to specific N
values), for reference. The output data obtained from this rough
PCA analysis is spread over the PCA phase-space, and barely follows
the trajectory defined by the standard samples. As shown in the
next lines, the reason for this diffused aspect is the low signal-to-
noise ratio usually present in Raman spectra obtained from
hyperspectral maps.

The spectra contained in the hyperspectral Raman maps of
liquid exfoliated graphene present low signal-to-noise ratio due to
the short accumulation time (1 s or less) and relatively low laser
power density. This low signal-to-noise ratio jeopardizes the PCA
analysis, since the shape of the 2D band is unresolved. As shown in
Fig. 5(a), the poor quality of the collected spectra deviates their
projection on the PCA phase space from the trajectory defined by
the standard samples (red bullets). Increasing the accumulation
time is unpractical for many reasons, the most effective being
thermal drift that generates defocusing. Raising the incident laser
power density is not an option either, due to the risk of sample



Fig. 5. (a) Plot of PC2 vs: PC1 components describing the 2D band data extracted from a sample produced by liquid-phase exfoliation of natural graphite. Each green data point
corresponds to a single spectrum extracted from a hyperspectral Raman map. The red bullets indicate the center of mass of each group of data points plotted in Fig. 3(b) (cor-
responding to specific N values), for reference. (b) Result of the PCA analysis performed over the same experimental data as in panel (a), but after applying the neural network
denoising algorithm. (c) Histogram describing the statistical distribution of the number of layers, obtained from the output of the 2Deprotocol presented in panel (b). (d) Histogram
describing the statistical distribution of the number of layers, obtained from the Geprotocol. (e) AFM image of the sample. (f) Histogram describing the statistical distribution of the
number of layers, extracted from an AFM image of the same area scanned in the Raman mapping procedure that gave rise to the data shown in panels (c,d). (A colour version of this
figure can be viewed online.)
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burning. In order to overcome this difficulty, we have developed a
denoising process based on a neural network algorithm.

The neural network architecture is a convolutional auto-
encoder that revolves around a training model to reduce the
dimensionality of the input data [47e50]. In short, noise cannot
pass through an algorithm that uses compressed data to build the
processed output, because it cannot be compressed effectively.
Instead of using two-dimensional operations as for image pro-
cessing, temporal convolutional layers (one-dimensional convolu-
tion) were used in the present case since our data (2D band spectra)
are one dimensional. The training was performed using two
different types of data. First, low-noise spectra obtained from the
standard samples were used as background data. Second, a data-
base composed of spectra obtained with different accumulation
times was built, yielding for different levels of noise. A certain level
of pure noise was then gathered by subtracting a spectrum with a
given accumulation time from the low-noise spectrum. With pure
noise and low-noise spectra in hands, we were able to generate
large amounts of training data to fit our model. After training, the
model was tested by measuring the distance from the denoised
data to the original standard data in the PCA phase-space. The
outcome is presented in Fig. 5(b), which shows the result of the PCA
analysis performed over the same experimental data as in Fig. 5(a),
but after applying the neural network denoising algorithm. The
comparison between the two graphics shown in Fig. 5(a) and (b)
demonstrates great improvement, with the denoised data
following the trajectory defined by the standard samples (red
bullets) in Fig. 5(b). Fig. 5(c) shows the histogram describing the
statistical distribution of the number of layers, obtained from the
indexation process based on the 2Deprotocol. According to the
parameterized PCA analysis of the 2D band, the great majority of
the measured flakes were classified to be in the range between
two- and five-layers, with the mode at N ¼ 3.

Fig. 5(d) shows the plot of the histogram describing the statis-
tical distribution of the number of layers, obtained from the
Geprotocol. According to this analysis, the graphene flakes are
distributed from N ¼ 1 to N ¼ 10, with the mode at N ¼ 2, and a
considerable amount (z5%) of flakes were classified as graphite
(N>10). This result is strikingly different from the result provided
by the 2Deprotocol, specially considering the population of
graphite pieces, not detected by the 2Deprotocol. In fact, 5% of
graphite in a population distribution corresponds to a significative
amount of mass (more than 90%), and cannot be neglected. Another
important difference is the percentage of monolayer graphene
flakes e while the Ge protocol indicates 16%, the 2De protocol
barely detected their presence. This issue is discussed in section 6.

Tens of similar experiments were performed in LPE samples, and
the differences in the results obtained by the 2De and Geprotocols
[presented in Fig. 5(c and d)] were observed in most of them. In
order to understand the origin of these discrepancies, an AFM
topographic image was obtained over the same area where the
Raman maps were taken. The AFM image, shown in Fig. 5(e), was
performed over the 10 mm � 10 mm area in steps of 1 nm, in con-
ventional intermittent contact mode. The population histogram as
a function of N obtained by AFM is shown in Fig. 5(f). The similarity
with the results obtained by the Geprotocol is evident, indicating
that the Geprotocol provides statistically faithful information
about the morphology of the flakes. This result is physically sound,



Fig. 7. Raman spectrum extracted directly from the calcinated LPE powder. (A colour
version of this figure can be viewed online.)
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since the IG=ISi ratio scales with the thickness of the flake, as shown
in Fig. 4.

The fact that the results obtained from the 2Deprotocol do not
match with the AFM results indicates that the 2D band does not
necessarily reflect the morphology of flakes. Unlike the Geprotocol,
the 2De protocol is not based on signal strength, but on the shape
of the 2D band that, in turn, is sensitive to changes in the electronic
and vibrational structures of graphene and graphite flakes due to
the coupling between adjacent layers. Therefore, the 2Deprotocol
delivers valuable information on the degree of interlayer coupling
which does not necessarily reflect the number of layers. The 2D
band’s shape can only be directly translated to N if all adjacent
layers are electronically bound. In other words, the 2Deprotocol
measures interlayer coupling in the presence of perfect AAe or AB-
stacking, but is not able to probe the morphology of turbostractic
structures in which the staking order fails. Perfect stacking is
distinct from disordered piling, and the difference is commonly
neglected in this type of analysis. An illustrative example is given in
Fig. 6(a), which shows a transmission electron microscopy (TEM)
image of a graphene flake extracted from the LPE sample. The
definition of the exact number of layers in this structure is not clear.
There are inhomogeneities all over the flake, and it is not possible to
allege if the variations are due to folding or different numbers of
layers. Fig. 6(b) shows a magnification of the boxed area in Fig. 6(a).
From this image one can clearly see that, although there is a
stacking, some of the adjacent planes are uncoupled. The Ge and
2Deprotocols would certainly provide distinct and complementary
types of information about this flake.

Fig. 7 shows a Raman spectrum obtained directly from the cal-
cinated LPE powder. The comparison of this spectrum with the
spectra shown in Fig. 2 (visual inspection of the 2D band shape)
indicates that most of the graphene content in this sample may
have an average number of layers of 5. This conclusion is supported
by the application of the 2Deprotocol on this specific spectrum,
Fig. 6. (a) Transmission electron microscopy (TEM) image of a graphene flake
extracted from the LPE sample. (b) Magnification of the boxed area in panel (a). (A
colour version of this figure can be viewed online.)
which gives N ¼ 5. However, N ¼ 3 gives the mode of the histo-
gram of population shown in Fig. 5(c), obtained by the application
of the 2Deprotocol over thousands of individual flakes extracted
from the LPE solution. These results show that great care should be
taken when analysing the number of layers by considering the 2D
band’s shape alone.
6. Limitations

In this section we enumerate the limitations found during the
application of the 2De and Geprotocols.

- Although the Geprotocol is useful to detect distinct numbers of
layers composing distinct plateaus coexisting in the same
sample, the absolute number of layers of each plateau is still
uncertain, unless a monolayer plateau is present to serve as a
reference for the least intensity unity. This issue is attenuated by
the fact that monolayer graphene pieces can be easily identified
by the single lorentzian shape of the 2D band. However, the 2D
peak becomes broader as the amount of defects increases [22].
In this case, the PCA analysis can be compromised because the
2D band obtained from defective monolayer flake can be as
broad as the 2D band obtained from few-layer graphene. These
issues could be the reasonwhy the Ge and 2Deprotocols do not
agree about the number of monolayer graphene flakes in the
measurement of the LPE sample (Fig. 5).

- If the graphene sample is sitting on a SiO2/Si substrate, as usual,
the G intensity strongly depends on the thickness of the SiO2
layer [6].

- When the graphene flakes have lateral sizes shorter than the
diameter of the incident laser spot at the focal plane, the fitting
curve shown in Fig. 4(c) [Eq. (2)] must be re-scaled with the help
of the 2Deprotocol. For that, a large amount (at least hundreds)
of flakes should be measured, and the pieces classified with N ¼
2 (according to the 2Deprotocol) with a confidence interval
wider than 90% are considered as two-layer graphene. The
vertical scale in the graphics of IG=ISi vs. N is then re-scaled in
such a way that the average value of the IG=ISi ratio obtained
from the selected flakes falls in the center of the rectangular box
assigned to N ¼ 2. This procedure was successfully applied on
liquid-phase exfoliated graphene samples, as reported in the
last section. It is important to notice that, if the flake is shorter
than the diameter of the incident laser spot at the focal plane,
the IG=ISi will present distinct values for data obtained using
objective lenses with different numerical apertures (NA). For
this reason, all data should be collected with the same objective
lens used to measure the standard samples.
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- Both 2De and Geprotocols have uncertainties related to the
possibility of occurrence of two or more pieces with different
numbers of layers inside the incident laser spot area. In this case,
and average value of N, weighted by the area of each piece,
should be obtained from the Geprotocol. For the 2D protocol,
the 2D band may assume a broad shape that will probably be
classified with N between 2 and 5. For instance, we prepare the
samples in such a way that most flakes are detached from each
other and spread over the substrate surface (see detailed pro-
cedure in section 2.2). However, there is no guarantee that the
problem does not occur. We are currently investigating different
ways to perform the disentanglement of the information com-
ing from different flakes inside the same laser spot area, and the
results shall be presented in a future work.

- The Ge and 2D-protocols presented here account for AB-stacked
graphene flakes. The occurrence of ABC stacking or twisted
stacking cannot be ruled out, and the model could fail in such
cases.
7. Conclusion

The state-of-the-art in terms of statistical analysis of number of
layers and stacking order in graphene flakes using Raman spec-
troscopy was presented. The metrological framework is specially
important for masseproduced graphene. Specific parameterized
PCA and neural-network algorithm for spectral denoising were
developed and utilized. The method is based on two complemen-
tary protocols, named as 2De and Geprotocols, for the measure-
ment of interlayer coupling and number of layers, respectively. Both
protocols have particular merits and limitations, making them
complementary to each other. The 2Deprotocol provides infor-
mation about interlayer coupling, but fails on providing accurate
information about the morphology of the flakes. The Geprotocol
provides information about the morphology of the flakes, similar
to an AFM analysis, but is insensitive to the degree of interlayer
coupling between adjacent layers.When combined, these protocols
provide a method to infer the degree of interlayer coupling and
number of layers of heterogeneous systems such as graphene
powders or aqueous solutions, for which robust characterization
requires statistical treatment and automatization.
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