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ARTICLE INFO ABSTRACT

Keywords: The use of CVD-grown graphene requires a transfer method to transport this material from the metal foil on top

CvD of which it is grown onto a target substrate. In many cases this transfer changes its properties, leading to vari-

Monolayer graphene ations from one zone of the target substrate to another. Here we present a simple semi-automatic method for a

i\rflli;rgc;s;zz{yls?;ages quantitative study of the coverage, uniformity and residues of graphene transferred onto Si/SiOy substrates

MATLAB whose operation is not dependent on costly equipment, making it low-cost oriented. The method can be
extrapolated to different target substrates, e.g., ITO-coated glass, and serves as an evaluation tool for graphene
transfer processes. This is achieved by calculating a figure of merit, based on 2 proposed quantitative parameters
(accounting for the coverage and the uniformity of the transferred graphene), while simultaneously determining
the residues left by the transfer substrate using MATLAB-based image analysis of optical microscopy images. To
corroborate the proposed method, a comparison between polydimethylsiloxane (PDMS), thermal release tape-
(TRT) and polymethylmethacrylate- (PMMA) assisted transfer processes is performed, demonstrating that the
methodology is valid for all cases. Coverages over 80 % are obtained, being in good agreement with results from
the same transfer processes studied via Raman mapping.

1. Introduction

Since its discovery in 2004 [1], graphene has been extensively
investigated due to its extraordinary electrical, optical and mechanical
properties [2-4]. This has allowed graphene to be used in many appli-
cations across several fields and devices, including high-speed elec-
tronics, transistors, supercapacitors, energy storage, solar cells, sensors,
CO4 absorption, Erbium-doped fibre lasers and optical modulators
[5-11]. Most of these applications rely on the widely used bottom-up
method for the fabrication of graphene based on chemical vapor depo-
sition (CVD) introduced in 2006 [12], which has allowed this material to
be commercially available mainly in the form of monolayer graphene
(MLG) or few-layer graphene (FLG) grown on top of metal substrates,
being copper the most commonly used for this purpose. Consequently, in
many scenarios where graphene is going to be employed, a transfer
process that allows its transport from the metal substrate, on top of

which it has been previously grown, to a target substrate is required.
Many transfer processes have been reported in the literature, most of
which employ a polymeric carrier substrate that assists the transport of
graphene to the target substrate [13]. Methods using poly-
methylmethacrylate (PMMA) [14-17] or thermal release tape (TRT)
[18-20] as a carrier substrate have been extensively used, and alterna-
tive approaches have also been reported, namely stamping transfer
methods using polydimethylsiloxane (PDMS) [21-23] as carrier sub-
strate and etching free methods using polymers to mechanically transfer
graphene [24,25].

Following the transfer process, usually a characterization is required
to assess the features of the as-transferred graphene on the target sub-
strate. This has been typically done via Raman Spectroscopy, Atomic
Force Microscopy (AFM), Scanning Electron Microscopy (SEM), Photo-
luminescence Spectroscopy and Raman Mapping [26-30], with the
latter allowing for a thorough characterization of graphene regarding
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PMMA, polymethylmethacrylate; AFM, atomic force microscopy; SEM, scanning electron microscopy; EDS, energy-dispersive X-ray spectroscopy; ATR-FTIR,
Attenuated Total Reflectance Fourier transform Infrared Spectroscopy, FoM, Figure of Merit; NMG, Not Monolayer Graphene; PET, polyethylene terephthalate; DI,
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number of layers, presence of defects, coverage and uniformity [26].
Additional techniques enabling a more macroscopic characterization
have also been introduced in the literature, namely Van der Pauw
measurements, which identify non-uniformities in graphene caused by
unintended doping [28], and combined optical and sheet resistance
measurements, which reveal macroscopic differences in electrical
properties of graphene [27,29,30]. However, the aforementioned tech-
niques pose a challenge as they require equipment that might not be
available in many laboratories, e.g., Raman mapping cannot be per-
formed in many facilities. For this reason, efforts towards an easier
characterization of transferred graphene using computer-based strate-
gies have been recently carried out. For instance, image processing can
be combined with micro-Raman measurements to identify the thickness
of transferred graphene from optical microscopy images [31]. More
recently, deep learning and 3D deep learning combining optical RGB
images and hyperspectral reflection images have been employed to
segmentate and identify the thickness of graphene and MoS; flakes in
optical microscopy images [32,33]. These strategies aim to characterize
transferred graphene in a fast and automated manner, which would be
highly valuable for quality control of industrial-scale fabrication pro-
cesses of this material. Nonetheless, employing low-cost equipment for
easily characterizing transferred graphene remains a challenge for its
further insertion in the market.

Following this effort towards low-cost and industrial-scale compat-
ible graphene characterization processes, we present a simple semi-
automatic method for a quantitative and representative study of the
coverage, uniformity and residues of graphene transferred onto Si/SiO5
substrates which can be extrapolated to different target substrates and
serves as an evaluation tool for graphene transfer processes. Combining
MATLAB-based image analysis with optical microscopy images, a simple
and readily measurable figure of merit (FoM) representative of the
coverage and uniformity of transferred graphene is calculated based on
2 quantitative parameters proposed by the authors. Furthermore, a
quantification of the residues left during the transfer process is per-
formed using the same principle. The proposed parameters gauge three
different features of the transferred graphene: the area of the target
substrate that was effectively covered by graphene (coverage), the
uniformity of the graphene regarding the presence of individual areas
that were not effectively covered (uniformity) and the area of the target
substrate that is covered with residues left from the transfer substrate
used in the process (residues). The parameters were determined from
mere optical microscopy images and no expensive equipment was used
for their calculation, thus showing the ease of use of the method and its
low-cost and industry-compatible operation. In addition, to corroborate
the method, a direct comparison of PDMS-, TRT- and PMMA-assisted
transfer processes is made, from which it is clearly and quantitatively
indicated, based on the defined parameters, that the better results are
obtained with the TRT-assisted transfer method while all the processes
yield a coverage above 80 %. Additional characterization techniques
including SEM, Energy-dispersive X-ray Spectroscopy (EDS), and Micro-
Raman and Raman mapping were employed to verify the validity of the
method.

2. Materials and methods
2.1. Materials

PDMS Gel-Pak DGL-X45 with a thickness of 6.5 mil (152.4 pm) used
as a transfer substrate was acquired from Delphon. The TRT used for the
transfer processes was acquired from Graphene Supermarket. Single
layer graphene grown by CVD on Cu foil was purchased from 2D
semiconductors. ITO-coated (Indium Tin Oxide) glass was purchased
from Naranjo substrates.
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2.2. PDMS- and TRT-assisted transfer methods

Graphene on Cu foil (only one side of the foil has graphene on top of
it) is put in direct contact with the carrier substrate (PDMS or TRT) and a
pressure of 0.2 MPa is applied for 30 min by using a load of known
weight and controlling the application area with a glass substrate with
customized dimensions. This allows the carrier substrate to adhere to the
graphene/copper system. The carrier/graphene/copper system is taken
to an etching solution (1 M ammonium persulfate solution) so that the
copper is in contact with the solution and the foil floats on top of it, as
schematized in Scheme 1. It is worth noting that it is not necessary to
remove the graphene from the side of the copper foil that is in direct
contact with the etching solution since graphene is only deposited in the
other side. After 3 h, the copper foil is completely etched by the solution.
The carrier/graphene system is then removed from the solution and
rinsed with deionized (DI) water. Afterwards, it is dried with a flow of
nitrogen. The system is then put in contact with the target substrate so
that the graphene comes in contact with the substrate. A 0.5 MPa
pressure is applied for 1 h and the carrier/graphene/target system is
heated to 100 °C in a hot plate for 6 min. Finally, the carrier substrate is
mechanically removed.

2.3. PMMA-assisted transfer method

Shortly, as reported elsewhere [34], a thin layer of PMMA was spin
coated on top of a copper foil with CVD-grown graphene on it. The spin
coating program was set at 3000 rpm, 1000 rpm/s for 60 s using a so-
lution of PMMA in Anisole. Thereafter, an etching process with 1 M
ammonium persulfate solution was done as described for the PDMS- and
TRT-assisted transfer methods. This leaves a system of PMMA/graphene
that was carefully rinsed with DI water and then scooped up using the
target substrate. Then the PMMA/graphene/target system is heated at
100 °C for 1 h on a hot plate. Subsequently, the system is submerged in a
chlorobenzene solution at 100 °C for 5 h to remove the PMMA layer.
Finally, the graphene/target system is rinsed with isopropanol and dried
with a flow of dried air.

2.4. Characterization

Micro Raman spectroscopy measurements, which were employed for
characterizing CVD-grown and transferred graphene, were performed
with a Horiba Yvon equipment, using a 632.81 nm laser (1.96 eV en-
ergy). Optical microscopy images, which were employed for performing
image analysis of transferred graphene as well as assessing the working
principle of PDMS as carrier substrate, were taken with a Leica DM750P
microscope. Scanning Electron Microscopy images (SEM) and energy-
dispersive X-ray spectroscopy (EDS) analyses, which were used for
characterizing CVD-grown graphene on copper foil, were carried out
with a JEOL-JSM 6490LV equipment. Attenuated Total Reflectance
Fourier transform Infra-red Spectroscopy (ATR-FTIR), which was used
for studying the working principle and structure of PDMS and TRT as
carrier substrates, was performed with a NICOLET 6700 equipment.

2.5. Image analysis

Analysis of the optical microscopy images (taken at 500x zoom) was
performed using a code designed by the authors in MATLAB using
predefined functions in the Image Processing and Computer Vision
toolboxes. Shortly, the code performs a binarization of each image to
analyze, from which a black and white image is obtained, where white
pixels correspond to zones covered with graphene and black pixels to
zones that are not covered. Then, the graphene coverage parameter
(ratio of the number of white pixels to the total number of pixels in the
image expressed as a percentage) is calculated. The code also counts the
number of individual zones in the image that are covered with graphene
(each zone is made up of a set of pixels of the same color) and uses it to
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Scheme 1. Representation of PDMS- and TRT-assisted graphene transfer methods. Target substrate corresponds to Si/SiO, substrate.

calculate the uniformity parameter and a figure of merit (FoM) which
gives a quantitative overall representation of the coverage and unifor-
mity of the transferred graphene. The formulas used for calculating the
uniformity parameter and the FoM correspond to Equation (1) and (2)
respectively, which are defined by the authors of this work. A more
detailed explanation of the operation of the code can be found in Section
I of the supporting information document. The full code is available in a
separate supporting document.

1

_ (Z_)W*loo o))
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FoM = =2 2

M= 100 2

In the equations, U is the uniformity parameter, Z; corresponds to the
individual zones (i.e., the individual areas that were not effectively
covered with graphene after the transfer process), FoM is the figure of
merit and C stands for the coverage. For calculating the residues
parameter, the image of interest is binarized using a process analogous
to that used when determining the coverage, so that white pixels
correspond to residues instead of covered areas. Then, the ratio of the
white pixels to the total pixels of the image is calculated and multiplied
by 100 to express it as a percentage.

3. Results and discussion
3.1. Image analysis based on optical microscopy images

Full characterization of graphene, regardless of whether it has been
subjected to a transfer process or not, has typically been done using
Raman mapping. However, this technique poses the challenge of
requiring equipment that is not readily available in many research fa-
cilities. This has motivated several studies aiming to make this process
more low-cost oriented, e.g., using computer-based strategies [31-33].

Following this effort, here we present an alternative macroscopic
characterization focused on the coverage, uniformity and amount of
residues of transferred graphene. The characterization relies mainly on
optical microscopy images, which are employed as input for MATLAB-
based image analysis, thus making it easy to employ without the need
for advanced and expensive equipment.

A detailed explanation of the operation of the MATLAB code used for
the image analysis is shown in Section I of the Supplementary Infor-
mation document. Shortly, the code works in the following way:

1. The image of interest is converted to grayscale to make it easier to
binarize (conversion of the image to black and white).

2. The grayscale image is binarized using a preinstalled app in the
Image Processing Toolbox available in the MATLAB library. Here, a
tuning of the binarization process is required to make it reliable. This
tuning depends on the substrate onto which the graphene was
transferred, since the color gamut obtained in the microscopy images
used for the analysis depends on it. Section II of the Supplementary
Information document shows how the tuning process can be carried
out.

3. After the binarization of the grayscale image, the areas covered with
graphene in the image are assigned to white pixels, whereas the
uncovered areas are assigned to black pixels. From this binarized
image the coverage parameter is calculated by determining the ratio
of white pixels to the total pixels of the image and multiplying it by
100 (to express it as a percentage).

4. Using the binarized image, the number of individual uncovered
zones is determined. Each zone is made up of a set of black pixels,
and by counting the number of individual sets in the image this value
is obtained. Thereafter, Equation (1) is used to calculate the unifor-
mity parameter of the image.

Equation (1) shows an inverse proportionality between the unifor-
mity parameter (U) and the number of individual zones (Z;). This is due
to the nature of the equation employed for calculating the parameter,
causing the appearance of a larger number of isolated areas that are not
covered with graphene in the image to generate a lower value in the
uniformity parameter. The isolated areas can be visualized as holes left
by the transfer process, thus making it reasonable to obtain a less uni-
form transfer when more isolated areas are present. The equation can be
tuned depending on how sensible it may be required to be to small
changes in the number of individual zones in the analyzed images.
Fig. 1a shows the dependance of the uniformity parameter on the
number of individual zones when using different exponents in the
equation (the value to which the number of individual zones is raised in
Equation (1). It can be noticed that higher exponents make the unifor-
mity parameter more sensitive to small changes in the number of indi-
vidual zones. This can also be corroborated in Fig. 1b, where the
difference between the value of the uniformity parameter corresponding
to 1 (best case scenario) and 10 individual zones is shown as a function
of the exponent. It can be noticed that higher exponents cause a larger
difference in the values of the uniformity parameter. In this work, an
exponent of 0.25 was used since it produced noticeable differences be-
tween “good” and “bad” transfer results during the optimization that
was carried out to define the parameters used in the transfer methods
shown in the methodology.

5. Finally, Equation (2) is used to calculate the FoM based on the
previously binarized image. This parameter is used as an overall value
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Fig. 1. A) Dependance of uniformity on the number of individual zones

that indicates the coverage and uniformity obtained after a graphene
transfer process.

The code also calculates a residues parameter, which is a quantifi-
cation of the residues left during the transfer process that are visible in
the image. For this, the image of interest is binarized using a process
analogous to that shown in step 3 (see Section I in Supplementary In-
formation), so that white pixels correspond to residues instead of
covered areas. In the case presented here, in which Si/SiO5 was used as
target substrate, the residues can be easily segmented by performing a
binarization because they have a dark appearance once the image is
converted to grayscale. The bulky shape of the residues left by the carrier
substrate and the purple-like background color given by the Si/SiOq
substrate in the optical microscopy images result in the residues having a
greenish appearance, i.e., the pixels corresponding to the residues have a
higher green value in the RGB color model. The function used by
MATLAB to transform the image to grayscale uses a simple expression to
assign an “intensity” value to each pixel in the grayscale based on their
red, green a blue value, being the green the component with the highest
coefficient in the equation, i.e., the one that contributes the most to the
intensity of each pixel. This causes the dark appearance of the residues in
the grayscale images that allows the segmentation to be easily per-
formed (see Figure S1 for a comparison of the images before and after
their conversion to grayscale).

The code operates on the defined images by the user, i.e., the process
is carried out for each one of the optical microscopy images of interest.
Afterwards, the parameters calculated from images corresponding to the
same transfer process (the condition of interest) are averaged and the
standard deviation is calculated for each one.

The code used in this work can be executed in a semi-automatic or
automatic configuration. In the automatic, the analysis of each indi-
vidual image is performed without considering errors that might occur
during the binarization of the image, e.g., a very small zone made up of a
set of black pixels could be considered as a not-covered individual zone
when it is not (see Section I of the Supplementary Information document
for more detail). When executed using the semi-automatic configura-
tion, the code accounts for this type of errors by requesting the user to
draw the smallest visible zone that is not covered with graphene in each
image. This makes the analysis more extensive but also more reliable.
Hence, we strongly recommend using the semi-automatic configuration.

It is important to note that the image analysis presented here does
not serve as a full characterization of the transferred graphene per se.
Instead, it focuses on the macroscopic physical features (coverage,
uniformity, and presence of residues) which may be altered due to
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transfer process and are discernible from optical microscopy images of
graphene on a target substrate. Thus, it can be used as an evaluation tool
of the transfer process itself. Other features, including the number of
layers of the graphene, and the appearance of structural disorder, must
be evaluated with complementary techniques, e.g., Raman Spectros-
copy, Raman Mapping and Atomic Force Microscopy. As a transfer
process evaluation tool, the method can be significantly useful and
practical when analyzing standardized transfer methods or optimizing
them, especially when good coverage and uniformity is required. The
automatization potential of this method and its non-dependance on
costly equipment makes it highly compatible with industrial-scale pro-
cesses, e.g., a large area can be studied making use of many images,
whose acquisition can be automated, and proper calibration (see Section
I and II of the Supplementary Information document).

Once the image analysis method was defined, it was employed to
evaluate 3 transfer processes (PDMS-, TRT- and PMMA- assisted trans-
fers onto Si/SiO, substrates) and make a direct comparison between
them based on the calculated parameters. Additionally, the analysis was
complemented by employing Raman spectroscopy to assess the number
of layers and the structural disorder of the graphene before (on the
copper foil) and after the different transfer processes (on the Si/SiOq
substrates), thus allowing a better understanding of the effect of the
transfer itself in the properties of graphene, e.g., the introduction of
folds and structural disorder. Afterwards, a direct comparison using
image analysis was made and its validity was confirmed by Raman

mapping.

3.2. Characterization of graphene on copper foil

As a reference, the initial CVD-grown graphene on copper foil was
characterized using SEM and Raman spectroscopy. Fig. 2a shows a SEM
image of CVD-grown graphene on the copper foil used for the transfer
process. The areas covered with graphene can be easily identified as
darker gray regions. It is important to note that some well-defined small
areas of the copper foil are not covered with graphene (lighter gray color
in Fig. 2a), meaning that obtaining 100 % coverage in a transfer process
is unfeasible. However, when disregarding these small areas, the areas
that are effectively covered display high coverage. A value of 92 % was
obtained for the coverage parameter in these areas when performing
MATLAB-based image analysis on several SEM images (shown in
Figure S6). This indicates that the maximum coverage that could be
achieved after a transfer process must be near to this value. The small
white zones that can be seen in the SEM images, some of which have a
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Fig. 2. a) SEM image of graphene on Cu foil (darker zones correspond to graphene), b) representative Raman spectra taken in different zones of CVD-grown
graphene on copper foil. ¢) Intensity ratio IG/I2D and d) 2D band FWHM calculated from 14 Raman spectra taken from CVD-grown graphene on copper foil.
The insets of the graphs show the representative area in which the spectra were taken.

particle-like shape (see Figure S6d), were identified as oxygen enriched
areas, corresponding to oxidized copper based on EDS analysis
(Figure S7).

Representative Raman spectra were taken in oxidized and not
oxidized zones of the copper foil (all covered with graphene), which are
shown in Fig. 2b. Fig. 2¢ and 2d show the Ig/I5p ratio and Full Width at
Half Maximum (FWHM) values of the 2D bands calculated from 14
Raman spectra taken in oxidized and not oxidized regions. The Is/Izp
ratio (or its reciprocal) is a parameter that can be used to determine
whether graphene is monolayer or multilayer, since its value changes
depending on the number of layers [35]. Also, both the FWHM and the
shape of the 2D band give valuable information about the number of
layers of graphene in a sample since they also change depending on the
number of layers [35-41]. The 2D band in monolayer graphene can be
fitted to a single Lorentzian peak, which has been proven to be a reliable
fitting for this band [36], while multilayer graphene displays a multi-
peak structure related to the dispersion of n electrons during the Raman
scattering process [37]. For instance, in the case of bilayer graphene, the
2D band can be fitted with 4 Lorentzian peaks, each of them corre-
sponding to a different double resonance process during Raman scat-
tering [37,42]. This causes the 2D band in multilayer graphene to
display a higher FWHM than monolayer graphene.

According to Fig. 2, the zones with no oxidized copper display an I/
Iop ratio close to 0.5, and the FWHM values of the 2D bands lie between
30.33 and 43.92 cm ™!, which indicates that the CVD-grown corresponds

to MLG [35]. The D band, sometimes observed in Raman spectra of
graphene, is related to structural defects in this material. This band re-
sults from a first-order Raman process where a charge carrier is excited
by incident light and inelastically scattered by a phonon. Then a second
elastic scattering by a defect in the crystal lattice of graphene must occur
to result in recombination [43,44]. These defects can be classified as
zero-dimensional (0D) and one-dimensional (1D), and information
about their presence and nature in a sample can be acquired from the D
band. The former includes vacancies, dopants or functional chemical
groups, while the latter includes dislocations and crystallite borders
[38,45-47]. Therefore, the lack of a D band (usually appearing at about
1350 cm™! depending on the energy of the laser used for the excitation
due to its dispersive nature [48]) in the spectra obtained from non-
oxidized zones indicates the absence of the aforementioned defects in
the graphene hexagonal structure (or at least their presence is non-
significant). On the other hand, Raman spectra obtained from the
oxidized zones show a significant intensity of the D band (at 1334 cm’l)
thus causing the Ip/Ig ratio to be greater than zero, while the values of
the Ig/Iop ratio (0.72) and the FWHM of the 2D band (61.79 cm’l)
indicate that the graphene is not monolayer (NMG) [35,41]. Represen-
tative values showing the difference between the 2D band FWHM, [g/Iop
and Ip/Ig ratio in oxidized and not oxidized zones of the copper foil are
shown later in Table 1. Initially, graphene is grown on the surface of a
pristine copper foil, meaning that the appearance of oxide on the copper
surface occurs after some time of exposure to an oxygen-containing



K. Ballestas et al.

Table 1

Representative values of 2D band FWHM, Ig/I»p and Ip/Ig ratios acquired from
Raman spectra from pristine graphene on copper foil and transferred graphene
employing PDMS-, TRT- and PMMA-assisted processes.

Substrate/Transfer I/Iop Ip/Ig 2D band FWHM (cm ™)
Copper Clean 0.67 ~0 30.33
Oxidized 0.72 0.31 61.97
PDMS-assisted Clean 0.67 0.19 35.17
With residues 0.99 0.2 42.05
TRT-assisted Clean 0.69 0.16 31.37
With residues 0.92 0.49 43.09
PMMA-assisted Clean 1.33 0.86 44.27

With residues 1.34 0.47 44.14

atmosphere, which is likely to take place during the manipulation and
storing of the copper foil. Therefore, the change from MLG to NMG on
the copper foil might be caused by folding of the initially MLG layer
occurring due to the mechanical deformation generated by changes in
density when copper oxide is formed. However, the oxidized zones are
scarce, indicating that the appearance of the D band, i.e., the intro-
duction of structural defects in the structure, or other changes in the
Raman spectrum of the graphene after the transfer process must be
induced by the process itself.

3.3. Characterization of transferred graphene onto Si/SiO substrates

Representative images of transferred graphene onto Si/SiOy sub-
strates using each of the evaluated methods are show in Fig. 3a, 3b, 3c.
Graphene transferred using the PMMA-assisted process (Fig. 3c) shows
residues with a river-like appearance, whereas the residues from the
PDMS- and TRT-assisted transfers display a more rounded shape. Section
III of the supporting information shows details about the operation of
the latter 2 substrates when used for graphene transfer processes.
Representative Raman spectra from graphene transferred employing
each method and their corresponding Ig/Iop ratios are shown in Fig. 3d,
3e, 3f. The FWHM and the Lorentz-fitted curves of the 2D band of each
spectrum are shown in Fig. 3g. All 2D bands could be fitted with a single
Lorentzian peak, and the corresponding FWHM and Ig/Iyp ratios
corroborate that the graphene is monolayer [35,36].

However, a more representative insight can be obtained by consid-
ering more Raman spectra taken from several points of the sample. Box
plots showing the Ip/Iog ratios and the FWHM values of the 2D band
(calculated via a Lorentz peak fitting), obtained from over 15 Raman
spectra taken from several points of the samples (both with and without
residues) from each transfer process are shown in Fig. 4a and 4b,
respectively. Data obtained from Raman spectra taken from zones with
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residues are indexed with the suffix -r in the x-axis labels of the box
plots.

The Ig/Iyp ratios obtained in “clean” graphene (i.e., graphene with
no residues) transferred using the TRT-assisted process ranged from 0.54
to 0.86 and the corresponding 2D band FWHM values from 29.67 to
36.35 cm ™}, indicating that all the analyzed zones correspond to MLG
(in which 2D band FWHM values range from ~ 25 to 40 cm ! [35D). In
the case of the PDMS-assisted process, Ig/Iog ratios and 2D band FWHM
values obtained from “clean” graphene ranged from 0.62 to 0.94 and
32.65 to 46.82 cm !, respectively. This indicates that most of the
transferred graphene is monolayer (10 out of the 12 spectra that were
analyzed correspond to MLG). Only 2 of the analyzed zones displayed
Ig/Iop ratios (0.94 and 0.82) and 2D band FWHM values (46.82 and
44.7 ecm™Y) that lay outside the monolayer graphene ranges [35,49].
Interestingly, in most of the spectra taken from zones with residues, both
in TRT- and PDMS-assisted processes, the Ig/Iop ratios approached a
value of 1 and the 2D band FWHM values entered the bilayer graphene
zone (in which 2D band FWHM values range from ~ 40 to 50 em !
[35]). This indicates that the residues left by the carrier substrates tend
to fold the MLG that is being transferred, making it change into bilayer
or multilayer graphene. Surprisingly, in the case of PMMA-assisted
process the obtained Ig/Iop ratios and FWHM values showed that most
of the transferred graphene was bilayer or multilayer [35,49]. Further-
more, there were no significant differences between the “clean” gra-
phene and the zones with residues, both being multilayer. This might be
because the PMMA layer used to transfer the graphene from the copper
foil to the Si/SiO4 substrate was too thin, and while scooping it from the
etching solution with the target substrate it was likely to unintentionally
fold it, causing initially MLG to change into NMG during the transfer
process itself.

As mentioned before, Ip/Ig ratio can be used to gain insight into the
amount of structural defects, namely 0D and 1D defects, in graphene
[38,47,50]. The Ip/Ig ratios calculated from Raman spectra of graphene
transferred with TRT- and PDMS-assisted processes, both in “clean”
zones and zones with residues, are shown in Figure S8 as box plots.
Table 1 also shows representative values of the Ip/Ig ratios in these
cases. When comparing the Ip/I values obtained in the PDMS- and TRT-
assisted transfer processes, the ones corresponding to the latter are the
lowest, indicating that this method (TRT-assisted) introduces the least
amount of structural defects in the graphene structure. However, the
zones with residues in this process (indexed as TRT r in the x-axis of the
box plot shown in Figure S8) show higher values of Ip/Ig, implying that
in this case the residues cause the graphene to have more structural
defects. This might be related to the folding that was proposed to occur
based on the changes observed in the Ig/Iop ratios between zones with
and without residues. On the other hand, no significant differences were
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Fig. 3. Optical microscopy images taken at 500x zoom of graphene on Si/SiO, substrate transferred with a) PDMS, b) TRT, ¢) PMMA and representative Raman
spectra taken from graphene transferred with d) PDMS, e) TRT and f) PMMA. g) Lorentz fitting of 2D band taken from several Raman spectra of graphene transferred

using several transfer substrates.



K. Ballestas et al.

a)

b)GO
1,6 r
55 =
1,4 =
(]
1,2 o
8
ED'I,O- Y
°
0,8 =
0,6 =
25 =
0,4 =
20

Applied Surface Science 638 (2023) 158074

TRT TRTr PDMS PDMSr PMMA PMMATr

TRT TRTr PDMS PDMSr PMMA PMMAr

Fig. 4. a) Comparison of Ig/Iop ratios and b) 2D band FWHM calculated from Raman spectra obtained in “clean” graphene zones and zones with residues (r) for the 3

evaluated transfer methods.

observed between the clean zones and the ones with residues in the case
of PDMS-assisted transfer process, which points to the fact that the
change from MLG to NMG caused by the residues does not introduce
further defects in the structure.

Furthermore, in the case of PDMS- and TRT-assisted processes,
where the transferred graphene is MLG (zones without residues), more
information about the nature of the defects introduced in the structure
by the transfer process itself can be gained by analyzing the areas of the
D and G bands (Ap and Ag respectively) as well as the FWHM value of
the G band. We estimated the density of OD and 1D defects (op and o
respectively) in two different zones of the graphene transferred under
these conditions based on the method introduced by Cangado et. al and
the results are shown in Table S1 [47]. In both PDMS- and TRT-assisted
transfers the density of 1D defects is significantly higher than the density
of 0D defects (the difference is more than two orders of magnitude),
although they can vary between different zones in the same transferred
graphene. This shows that the structural defects introduced during these
transfer processes causing the appearance of the D band in the Raman
spectra are mostly 1D.

3.4. Image analysis of transferred graphene onto Si/SiOz substrates

Image analysis performed using the MATLAB code designed by the
authors was employed for evaluating the 3 graphene transfer processes
on Si/SiO, substrates (PDMS-, TRT- and PMMA-assisted), for which
optical microscopy images of the as-transferred graphene taken at 500x
were used. This is because lower magnifications did not allow small
empty zones (zones without transferred graphene) to be effectively
observed. The transferred area of the graphene on the substrates was
approximately 25 mm? The analysis was performed using different
amounts of images and it was noticed that there were no significant
differences between the results obtained using 10, 20, 30 and 40 images
(see Figure S9), meaning that the analyzed area in each transfer was
highly uniform. This is likely to be due to the transferred area being
small by itself, making it less probable to find meaningful differences
between the values calculated for the parameters from one region to
another, i.e., from one image to another. Thus, using 10 images (cor-
responding to a ratio of 0.4 images per mm? of transferred graphene) is
sufficient to obtain representative results in this case.

Fig. 5 and Table 2 show the parameters calculated for each transfer
process. The average coverage values obtained for the PMMA-, TRT- and
PDMS-assisted transfer processes were 85.19, 85.17 and 82.46 %
respectively. Thus, coverages exceeding 80 % were obtained in all cases

100
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Uniformity

Fig. 5. Transfer parameters calculated for each transfer method. 10 images of
each transfer method were used for the calculation.

and both the standard PMMA- and TRT-assisted processes displayed the
best results in this regard. The main difference was observed in the
uniformity values of the processes, where average values of 55.91, 58.88
and 51.94 % were obtained for the PMMA-, TRT- and PDMS-assisted
processes, respectively. The TRT-assisted process showed the best re-
sults in this regard, thus yielding the best value for the FoM (50.29 %).
On the other hand, the average FoM values obtained for the PMMA- and
PDMS-assisted transfer processes were 47.77 and 42.94 %, respectively.
The TRT-assisted process also displayed the least amount of residues (4
%), although all three processes showed very low and similar values of
this parameter (4.31 and 4.28 % for PMMA- and PDMS-assisted).
These parameters, particularly the FoM, offer a direct way of reliably
comparing two or more graphene transfer processes based on the
coverage, uniformity and amount of residues that can be observed in it.
Moreover, these parameters were readily calculated from mere optical
microscopy images, which can be obtained routinely and automatically,
using a MATLAB code and no expensive equipment was used for the
actual calculation of the previously stated parameters. This shows the
ease of use of the evaluation method and its low-cost and industry-
compatible operation. For verifying the validity of the proposed
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Table 2

Applied Surface Science 638 (2023) 158074

Average calculated transfer parameters for PDMS-, TRT- and PMMA-assisted transfer processes with standard deviation. *STD: Standard deviation.

Transfer process Coverage (%) Uniformity (%) FoM (%) Residues (%)

Mean STD* Mean STD Mean STD Mean STD
PDMS-assisted 82.46 3.61 51.94 4.87 42.94 5.54 4.28 0.52
TRT-assisted 85.17 2.42 58.88 8.76 50.29 8.09 4 0.56
PMMA-assisted 85.19 4.23 55.91 6.45 47.77 7.13 4.31 0.79

method, graphene transferred using PDMS- and TRT-assisted processes
was characterized via Raman mapping (see Section V of the Supporting
Information document). The coverages calculated using this technique
are in good agreement with the results obtained using the MATLAB-
based image analysis method, demonstrating its validity. Furthermore,
the code proved to be useful when using different target substrates, i.e.,
Si/SiO4 substrates and ITO-coated glass substrates, showing that the
main requirement for the code to operate properly is that visible contrast
between the areas that are covered with graphene and the ones that are
not exists. This is the case for both target substrates that were evaluated.
More information on the use of the code when employing ITO-coated
glass substrates as target can be found in Section VI of the supplemen-
tary information document.

4. Conclusions

In summary, the MATLAB-based image analysis method presented in
this works allows a simple and reliable evaluation of graphene transfer
processes based on the macroscopic coverage, uniformity, and residues
discernible in optical microscopy images of graphene on the target
substrate, which was corroborated by employing it to compare 3
different transfer processes carried onto Si/SiOy substrates and also
validated for ITO-coated glass substrates. In this way, it was demon-
strated that a quantitative comparison between several transfer pro-
cesses or transfer conditions can be readily performed by employing a
method which is non-dependent on costly characterization equipment
and whose operation is straightforward, low-cost oriented and industry
compatible. The method can also be applied to graphene transferred
onto different target substrates when a previous calibration of the code
in terms of the commands used to binarize the optical microscopy im-
ages of the transferred graphene is done. For this, a total of 4 parameters
defined by the authors (coverage, uniformity, residues, and a Figure of
Merit which is calculated using the first 2) were used to effectively
quantify the aforementioned features of the transferred graphene. The
method was complemented by employing Raman spectroscopy to
evaluate the number of layers and the structural disorder of the gra-
phene before and after the different transfer processes, which allowed a
better understanding of the effect of the transfer itself on the properties
of graphene. When comparing the evaluated transfer processes, a
coverage surpassing 80 % was observed in each case, being the average
values for the PMMA-, TRT- and PDMS- assisted processes 85.19, 85.17
and 82.46 % respectively (in the case of graphene transferred onto ITO-
coated glass, the average coverage was 79.94 %). However, the image
analysis clearly showed that the best result is obtained using the TRT-
assisted transfer method, since it yielded the highest FoM (50.29 %),
the lowest value of the residues parameter (4 %) and fewer defects were
induced in the graphene crystal structure, as revealed by Raman Spec-
troscopy. This indicates that, regarding the coverage and uniformity of
the transferred graphene, this method might be the most suitable one for
applications where these features are important. Furthermore, the re-
sults obtained using the image analysis were in good agreement with
results obtained using Raman Mapping, demonstrating its validity.
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