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The transfer of large-area graphene is a critical step in the development of technological applications,
particularly when its structural integrity and physical properties are of central importance. While the
scientific community dedicated a great deal of efforts improving the scalability and cleanliness of the
transfer protocol, less research focused on the fundamental mechanisms responsible for the formation of
cracks, wrinkles, corrugations, folds and mechanical strain which drastically hinder the reliability of the
process. Here we describe how the surface morphology of copper, which serves as catalyst for the
graphene chemical vapor deposition (CVD), significantly impacts (i) the transfer process reliability, (ii)
graphene’s planar aspect, and (iii) graphene’s physical properties once transferred onto device-
compatible substrates. We systematically compare the transfer of highly crystalline graphene from Cu
foils, polycrystalline Cu films and epitaxial Cu films which possess a surface roughness spanning over 2
orders of magnitude. Our results suggest that, regardless of the transfer approach, the Cu template
surface morphology is one of the major causes for the non optimal transfer results and discrepancies in
physical properties reported in the literature. These findings provide valuable insights encouraging the
use of alternative substrates when considering the integration of graphene into functional applications.
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1. Introduction

Graphene has been the subject of fervent global research over
the last 15 years because of its two-dimensional (2D) nature and its
exceptional physical properties [1—3]. Although it has been regar-
ded as a versatile material capable of reshaping tomorrow’s tech-
nology, graphene has yet to deliver on its promises. While the
scientific community continues to be optimistic, it also realizes the
complexity of fully harnessing graphene’s great potential once in-
tegrated into functional applications [4—6]. Synthesizing pristine
graphene, which is at the essence of device development and
cutting-edge fundamental research, does not seem to be the main
hurdle anymore given the latest chemical vapor deposition (CVD)
progress [7,8]. The CVD of graphene on Cu substrates is certainly
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one of the most advanced and industrially viable manufacturing
techniques as it is cost-effective, scalable and offers a good control
over the number of layers and structural quality [9]. The great
success of the CVD of graphene on metal catalysts has been fol-
lowed by a staggering surge of research activity aiming at devel-
oping an effective, scalable, and reliable transfer technique which
meets the requirements for device fabrication and industrialization
[10].

The library of transfer methods has been greatly expanding
since Kim et al. demonstrated the first transfer of CVD-grown
graphene in 2008 [11]. Most transfer protocols reported in the
literature involve the following steps: (i) deposition of a temporary
mechanical support on top of graphene, (ii) separation of graphene
from the synthesis substrate, (iii) deposition of graphene/support
on the final substrate and, (iv) mechanical support removal. These
protocols mainly differ by the nature of the mechanical support
(e.g. polymethyl methacrylate (PMMA) [12,13], Poly-
dimethylsiloxane (PDMS) [11,14], polystyrene (PS) [15], cyclo-
hexane [16], ethylene vinyl acetate (EVA) [17], or paraffin [18]), the
separation technique of graphene from the catalyst (e.g. wet
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etching [12,19] or bubbling [20]), the graphene deposition
approach (e.g. wet fishing [ 12] or dry elastomer stamping [21—23]),
and the support layer removal (e.g. dissolution in solvent [12] or
mechanical peeling [23]).

These various derivatives have been devised with the aim of
reliably transferring large areas of graphene with minimal physical
degradation, limited contamination by polymeric residues from the
supporting layers or metallic particles from the catalyst etching
process, and no graphene functionalization induced by aggressive
chemicals. Unfortunately, none of the aforementioned methods
concomitantly addresses all these issues yet and meets the strict
requirements for the large-scale integration and industrialization.
Another problem, which has been overlooked so far, is the role of
the Cu substrate in the reliability, repeatability and quality of the
transfer. The planar aspect of CVD-grown graphene strongly de-
pends on the catalytic Cu template as the growth mimics the un-
derlying surface morphology [24]. The supporting layer
mechanically reinforces the atomically thin layer and helps main-
taining graphene’s structural integrity once released from the
synthesis substrate. Unfortunately, it also forms a hard cast that
maintains graphene planar aspect during the transfer process. The
Cu substrate morphology imprint in the supporting layer prevents a
uniform contact of graphene on the final substrate, drastically im-
pairs the van der Waals forces, and ultimately makes graphene
more prone to detach and be washed away during the support
removal step [25].

In this work, we systematically compare the transfer of CVD
graphene grown on different catalytic substrates including Cu foils,
polycrystalline Cu films, and epitaxial Cu films. This study is based
on the wet PMMA-assisted transfer method which is easily scalable
and widely employed among the scientific community. It is shown
that the Cu surface morphology, which strongly differs from one
type of Cu substrate to another, impacts the transfer reliability and
quality. It is shown that decreasing the Cu surface roughness results
in a more conformal deposition of graphene on the final substrate, a
better adhesion and hence, less graphene degradation (tears, holes,
folds, ...) upon the PMMA removal step. We also demonstrate that
more planar Cu substrates also lead to a lower density of wrinkles
and limits the formation of localized mechanical strain and doping
in transferred graphene. Finally, we show that the Cu surface
crystallographic orientation plays a key role in graphene’s planar
aspect and its ability to interact with the underlying final substrate
once transferred. Our results suggest that a flat and smooth
epitaxial Cu film represents the most promising template to obtain
uniform continuous high-quality graphene once transferred on
arbitrary surfaces.

2. Results & discussions
2.1. Cu surface morphology

Over the last decade, graphene has been successfully produced
on various types of catalytic substrate including Cu foils, poly-
crystalline Cu films, epitaxial Cu films and even Cu plates [26].
Although Cu foils have been the predominant choice for the sci-
entific community, a few research groups demonstrated the growth
of graphene on Cu films pre-deposited on fused quartz [7,9,27],
oxidized Si [28,29], mica [30], MgO [31] and sapphire [9,32—35]
wafers. Upon the CVD process, the high temperature induces the
re-crystallization of the Cu substrate and drastically modifies its
surface morphology. Cu foils and Cu films pre-deposited on amor-
phous substrates (e.g. fused quartz, SiO,/Si) lead to the formation of
a grained microstructure [7,32]. In contrast, thin Cu films pre-
deposited on crystalline wafers exhibiting a small lattice
mismatch (e.g. mica, MgO, a-Al,03) result in a single-crystalline Cu

film [9,32,34].

For this study, highly crystalline graphene (Gr) is grown on Cu
foils, polycrystalline Cu film and epitaxial Cu films using CVD
conditions similar to those reported in previous reports [7,8,32].
Non-coalesced millimeter-size single-crystalline graphene do-
mains are grown in order to avoid the formation of graphene grain
boundary-induced defect lines and more easily realize if defects are
caused during the growth or during the transfer processes. Large
compact domains also serve as visual guide to correlate the Cu
substrate surface features with graphene features once transferred
on the final substrate. After the CVD process, the as-grown Gr/Cu
substrates are heated up for a few tens of seconds on a hot plate at
200 °C in air to make graphene visible [36].

Fig. 1 shows optical microscope images, 3D optical profilometer
images and 2D profilometer scan lines of the surface of a 50
um-thick Cu foil, a 2.4um-thick Cu film on fused quartz and a
1.0um-thick Cu film on C-plane sapphire after graphene growth. Cu
substrate surface features such as grain boundary grooves or cold-
rolling striations (in the case of Cu foils) contribute to the Cu
template waviness and roughness, and hence adversely impact
graphene planarity. The Cu surface morphology has been assessed
by acquiring eight 167 x 167um? 3D optical profiles in random
locations on each type of Cu catalyst (Zygo NexView, x50 lens). Cu
foil surface exhibits an arithmetic average roughness S, and a root
mean square roughness Sq in the 360—990 nm and 440—1190 nm
ranges, respectively. This roughness represents about one order of
magnitude higher than polycrystalline Cu films (S;:90—150 nm,
Sq:157—197 nm) and about two order of magnitude higher than
epitaxial Cu films (S;:9—11 nm, Sq:11—-13 nm). The significant dif-
ference in surface roughness mainly arises from the presence of Cu
grain boundary grooves which are non-existent on epitaxial Cu
films but can reach a depth of about 2200 nm for polycrystalline
films and about 7 um for Cu foils. Additional 3D surface profiles can
be found in Supporting Information S1.

2.2. Transfer reliability

After the graphene growth process, the Cu substrates are spin-
coated with PMMA (MicroChem, 950A, 3% in anisole, 2000 rpm,
60 s) to obtain a mechanical support with a thickness of about
150 nm. The PMMA is dried at room temperature in air for at least
3 h before the Cu etching step. Cu etching is achieved using FeCl3
diluted in deionized (DI) water (1:1). Once the Cu is completely
etched away, the FeCls solution is gradually replaced by DI water.
The Gr/PMMA sheet is transferred in 4 successive DI water baths in
order to achieve sufficient rinsing and then scooped with a 90-nm
thick SiO,/Si substrate (Addison Engineering Inc., USA). The sample
is air dried at room temperature for at least 24 h to ensure that most
of the water at the Gr/SiO, interface is removed. Fresh PMMA is
redeposited in order to soften the PMMA hard cast, improve the
contact between graphene and the underlying substrate, and make
it less prone to degradation upon the PMMA removal step [25]. The
liquid PMMA solution is kept on the sample for about 40 min before
immersing the sample in an acetone bath which is then heated up
to and maintained at 50 °C for 2 h. The Gr/SiO,/Si sample is then
rinsed with clean acetone and isopropanol before being dried with
a nitrogen spray gun. Supporting Information S2 shows transferred
graphene results when failing to properly rinse graphene, using a
thicker PMMA film, or not softening the PMMA cast prior to its
removal.

Upon the spin-coating of the mechanical support on top of
graphene, PMMA fills in the deep Cu grain boundary grooves and
form a hard cast with the imprint of the Cu surface morphology.
Once the Gr/PMMA stack is isolated from the Cu substrate, carefully
rinsed and scooped by the final substrate, a thin film of water gets
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Fig. 1. Comparison of the Cu surface morphology of Cu foil (left column), polycrystalline Cu film (middle column) and epitaxial Cu film (right column) after graphene growth. Top
panel: Optical microscope images of a single crystal of graphene after a slight oxidation to make it visible. Differential Interference Contrast (DIC) is used to enhance surface
morphology effects. Central panel: 3D optical profilometer images. Bottom panel: 2D sections along the arrows displayed in the 3D profiles in the central panel. Solid black (top)
and dashed blue (bottom) profiles correspond the horizontal and vertical arrows, respectively. (A colour version of this figure can be viewed online.)

trapped at the Gr/substrate interface. This water plays a critical role
in the transfer as the capillarity forces pull the Gr/PMMA stack
down in close contact with the underlying substrate. This close
contact is a key factor determining the reliability of the transfer as
graphene adhesion only arises from van der Waals forces [37].
When graphene does not come into close contact with the under-
lying substrate, solvents employed to remove the supporting
PMMA layer penetrate underneath graphene and tear it away. The
ability of graphene to come into close contact with the substrate
mostly depends on the PMMA bending stiffness (i.e. the layer
thickness) and the Gr/PMMA surface morphology. Thin PMMA film
thickness can be easily decreased by further diluting PMMA in
anisole or by increasing the rotation speed of the spin coater. Very
thin films (<80 nm) are however more difficult to handle and are
likely to contain voids when deposited on substrates with high
surface roughness. The Gr/PMMA surface morphology is however

pre-determined by the Cu template and cannot really be improved
during the transfer process.

Fig. 2 compares the transfer of graphene grown on poly-
crystalline Cu foil (top panel) and on polycrystalline Cu film (bot-
tom panel). The left column shows the Gr/PMMA stack after being
deposited onto a 90 nm-thick SiO,/Si wafer and left to dry over-
night in air at room temperature. The wide spectrum of colors in
the optical images either indicates a non-uniform PMMA layer
thickness or a varying spacing at the graphene/SiO, interface.
Spacings, which are recognizable through the presence of closed-
packed interference patterns, are typically present near the im-
prints of deep Cu grain boundary grooves.

By comparing the top and bottom panels, it can be observed that
grain boundary grooves of Cu films lead to larger spacings than
those of Cu foils. The size of these spacing is mainly dictated by the
width-to-depth aspect ratio of Cu grain boundary grooves which
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Fig. 2. Comparison of the transfer graphene grown on Cu foils (top panel) and on thin Cu films (bottom panel). Left column: PMMA/Gr on SiO,/Si after drying for 24 h at room
temperature. Center column: PMMA/Gr on SiO,/Si after annealing PMMA/Gr at 110 °C for 1 h. Right column: graphene on SiO,/Si after re-depositing fresh PMMA and removing

PMMA in acetone. (A colour version of this figure can be viewed online.)

form rigid PMMA protrusions (see the bottom panel of Fig. 1). The
spacings can be mitigated by heating the PMMA film above its glass
transition temperature (104 °C) as shown in the center column of
Fig. 2 [12]. Maintaining the PMMA/Gr/SiO, sample at 110 °C for 1 h
softens the PMMA film and promotes the graphene/SiO, contact
but it is not effective enough to fully eliminate the spacings in the
vicinity of the high aspect ratio Cu groove imprints. Although it is a
commonly used process step, heating the sample with the Gr/
PMMA on its top tends to make PMMA more resistant to acetone
during the PMMA removal step. Moreover, it also increases the
volume of the air (or turn trapped water into vapor) in the gaps
which then percolates at the interface to agglomerate into larger
gas pockets which tends to damage graphene (see Supporting In-
formation S2). Such phenomenon is more critical with increasing
sample size as it becomes more difficult for trapped vapor to leave
the interface. A more gentle and efficient method consists of re-
depositing fresh PMMA in order to more effectively soften the
PMMA and push the graphene down in contact with the underlying
substrate [25]. The right column in Fig. 2 shows the result after re-
depositing fresh PMMA (3% in anisole), letting it sit for 40 min, and
immediately removing the PMMA in acetone.

Owing to the good optical contrast provided by the 90-nm thick
SiO,/Si substrate, graphene features can be clearly observed.
Although as-grown CVD graphene already contains cracks and
wrinkles [32], the transfer process introduces additional wrinkles,
cracks, tears, and folds in graphene. In the case of Cu foils, only the
deepest Cu grain boundary grooves and cold-rolling striations lead
to the formation of wrinkles as shown by the top panel in Fig. 2
(right column). The dashed vertical arrows in the top panel of
Fig. 2 show the only optically visible wrinkle induced by the stri-
ation in this area, which suggests that the striation-induced peri-
odic waviness does not systematically create spacings, adversely
influence the contact of graphene on the SiO, surface, and ulti-
mately cause the formation of any optically visible wrinkles. Only
the deeper Cu foil grain boundary grooves lead to visible wrinkles
as shown by the solid black arrow. In the case of polycrystalline Cu

films, the high aspect ratio of the Cu grooves consistently leads to
tall wrinkles that have a blueish color (as indicated by black solid
arrows). Tall wrinkles are typically at the origin of cracks, folds, and
tears as they have a lower adhesion to the substrate underneath
and can be washed away during the PMMA removal step. This can
be observed in the bottom panel and right column of Fig. 2 (see
dashed arrows).

Graphene grown on epitaxial Cu films seems to yield the best
results in terms of transfer reproducibility and reliability. The su-
perior flatness and complete absence of Cu grooves lead to an
improved and uniform contact between graphene and the SiO,/Si
substrate surface, even without any additional PMMA softening
step. Fig. 3 shows the Gr/PMMA film directly after deposition on the
SiOy/Si substrate and after the PMMA removal. The relatively long
wrinkles present in the PMMA/Gr film (as shown by black arrows in
the top panel of Fig. 3) are in this case not the result of the Cu
surface morphology but rather caused by a poor spreading of Gr/
PMMA sheet over SiO, surface during the scooping step, which is
typical in wet transfer processes on surfaces that are not highly
hydrophilic.

2.3. Strain and doping gradients

The strain present in transferred graphene can have various
origins. First, as-grown graphene exhibits a non-uniform biaxial
physisorption strain caused by its lattice mismatch with the un-
derlying Cu catalyst [38]. Additional biaxial strain also develops in
graphene when the CVD furnace cools down to room temperature
since graphene synthesis takes place at high temperature
(~1050 °C) and there is a non-negligible difference of thermal
expansion coefficient between graphene and its synthesis substrate
[32]. The spontaneous formation of wrinkles helps mitigate this
strain but non-homogeneous adhesion of graphene on the under-
lying substrate only leads to a limited and localized strain relaxa-
tion [32,39]. Although it is often assumed that the remaining strain
gets mostly relaxed once the graphene/polymer stack is detached
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Fig. 3. Left column: PMMA/Gr deposited on SiO,/Si after drying at room temperature for 24 h. Center column: graphene on SiO,/Si after re-depositing fresh PMMA and removing
the PMMA in acetone. Right column: in-lens SEM image of Gr deposited on SiO,/Si after PMMA removal. Bottom panel: higher magnification images of the areas indicated by black

squares in top panel images. (A colour version of this figure can be viewed online.)

from the Cu substrate [40], the presence of the relatively thick
PMMA cast drastically limits the stress relaxation [17]. Moreover,
mechanical supports made of spin-coated or drop-casted polymers
most likely cause additional stress which develops during the
polymer drying or curing process [41]. Determining the magnitude
and direction of the strain in graphene right before its transfer on
the target substrate is beyond the scope of this study as it depends
on a multitude of process parameters. This study however discusses
the role of the Cu surface morphology in the formation of supple-
mentary strain in transferred graphene.

The developed interfacial area ratio (Sq;), which is defined as the
increase in surface area caused by the roughness, constitutes an
important Cu substrate metric to consider when transferring gra-
phene. It represents the difference between the true/actual/
measured Cu surface area and the projected surface area. Sg;, which
is expressed as a percentage of additional surface, is calculated
according to

Scu — projected
" Sprojected (1)

projected

Sdr =

Such Cu substrate metric corresponds to the additional surface
area of graphene compared with the surface area of the target
substrate covered by the PMMA cast:

Seraphene — Starget
S, ~ —graphene 8 ) 2
dr Starget 2)
Consequently, Sqr determines the ability of graphene to
accommodate the final substrate surface morphology which

typically possesses a surface roughness inferior to 2 nm.

The lack of planarity in graphene thus results in the develop-
ment of a non-uniform biaxial mechanical strain and wrinkles of
various heights and densities depending on the relaxation mech-
anisms in play. Based on eight 167 x 167um? 3D optical profil-
ometer measurements acquired at random locations of each type of
Cu substrate, the developed interfacial area ratio is found to be
around 0.67+0.52%, 1.8+0.5% and 1.04+0.21 x 1073% for Cu foils,
polycrystalline Cu films and epitaxial Cu films, respectively. These
data suggest that graphene grown on polycrystalline Cu films
possesses a greater excess of surface area than graphene grown on
Cu foils, despite the surface waviness induced by the cold-rolling
striations and the few micrometers-deep Cu grain boundary
grooves. This result can be explained by the fact that polycrystalline
Cu films have smaller Cu grains (lateral dimensions ranging from 5
to 300um) and thus a higher density of Cu grain boundary grooves
than Cu foils. This additional surface area can be easily noticed by
examining the sections of the 3D scans at the bottom panel of Fig. 1.

To demonstrate that the type of Cu substrate and/or the Cu
surface morphology play a role in the presence of mechanical strain
in transferred graphene, we compared the Raman spectroscopy
data acquired on graphene transferred from Cu foils and epitaxial
Cu films. Raman spectroscopy is considered as a versatile tool to
characterize graphene as it can assess the number of layers, the
density of defects, the doping level, and even the in-plane strain
[43]. Raman signatures of graphene typically present three domi-
nant features: the D, G, and 2D bands which are located at about
1350 cm~!, 1590 cm~ !, and 2680 cm™, respectively. A particular
attention is given to the G and 2D bands for which the peak
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positions (w¢g and w,p) and full-width at half-maximum (FWHM)
(I’ and I'yp) are sensitive to variations of charge doping and C—C
bond lengths. Spatially resolved Raman measurements have been
acquired using a confocal LabRam HR Evolution (Horiba) with a
532 nm excitation wavelength, a x100 magnification lens (Na = 0.9,
WD = 0.2 mm), and a power density of about 2 mW. A 1800
grooves/mm grating is employed to precisely measure the width
and positions of the Raman features.

The spatial variation of strain is first investigated using graphene
grown on Cu foil and transferred on 90 nm-thick SiO,/Si. Fig. 4
shows side-by-side images of graphene before and after the
PMMA removal step. The scanning electron microscope (SEM)
provides valuable insights into the planar aspect of graphene as it
shows cracks, wrinkles but also remnants of Cu grain boundary
grooves and nanometer-scale step edges. These observations prove
that even smaller Cu surface features imprinted into the PMMA/Gr
stack do not flatten once the PMMA is removed and graphene is
self-standing on the final substrate.

Raman mapping (19x17 = 323 data points) was conducted over
the entire SEM field of view shown in Fig. 4c which covers a surface
area of 54 x 48 um?. Fig. 4d and e show the maps of 2D-to-G peak
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intensity ratio and 2D bandwidth I'yp, respectively. The 2D-to-G
peak intensity ratios ranging from 1.4 to 4.3 and the highly sym-
metrical 2D bands (data not shown) are good indicators confirming
the single layer nature of graphene which can also be observed in
Fig. 4b—c. The broadening of the 2D band is usually indicative of a
strain gradient within the Raman laser spot which provides a
spectral average over ~1um? [44]. Although the Ty, values
measured here are similar to what has been reported in the liter-
ature for graphene on SiO,/Si [45], they span over a fairly large
range (~10 cm™ ). Interestingly, the lowest values of I',p, for most
part, coincide with the location of the Cu grain boundary grooves.
This suggests that graphene is most likely locally lifted from the
substrate, does not experience the effect of the SiO, surface
roughness, and is more prone to re-distribute short-range stress
gradients.

Additional maps have been acquired on graphene samples
transferred on SiO,/Si from both epitaxial Cu films and poly-
crystalline Cu foils. By comparing maps from different samples, it is
found that graphene from epitaxial Cu film consistently exhibits 2D
bands with higher I';p values but spanning over a narrower range
(see Fig. 4f and g). The more consistent but higher nanoscale strain
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Fig. 4. a) Optical microscope image of the PMMA/Gr deposited onto a SiO,/Si substrate using graphene grown on a Cu foil. b) In-lens SEM image of graphene on SiO»/Si (after PMMA
removal) taken in the area in the black rectangle in (a). ¢) Higher magnification SEM image corresponding to the area in the rectangle in (b). d-e) Raman maps (19 x 17 data points)
of the 2D-to-G peak intensity ratio and 2D band FWHM (I'yp) acquired in the 54 x 48um region shown in (c). f-g) Histogram of the 2D band FWHM distribution for graphene grown
on (f) Cu foils and (g) Cu film. h) 2D band position (w,p) versus G band position (w¢) for various Raman maps acquired on graphene transferred on SiO,from both Cu foils and
epitaxial films. Reference axes for the mechanical strain (¢) and charge density have been obtained using models from Ref. [42]. R1, R2, R3, and R4 denote four different graphene
regions used for Raman map acquisition. (A colour version of this figure can be viewed online.)
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Fig. 5. Top panel: AFM images of graphene grown on Cu foil (left column), polycrystalline Cu film (center column), and epitaxial Cu film (right column) after being transferred onto
a Si0y/Si substrate. Middle panel: Dark field optical images of graphene as grown on Cu foil, polycrystalline Cu film, and epitaxial Cu film. Bottom panel: Higher magnification dark
field optical images of the area in the dashed square in the middle panel. (A colour version of this figure can be viewed online.)

variations in graphene transferred from epitaxial Cu most likely
arises from the superior planarity of graphene and the improved
contact it forms with the underlying substrate, making it more
sensitive to its surface roughness. Such observations are in good
agreement with the work of Couto et al. which compared the effect
of the target substrate on graphene’s 2D band line width [46]. The
spatial variation of strain at the Raman laser spot scale is probably a
major factor explaining the fairly large range of 2D-to-G peak in-
tensity ratio (observed in Fig. 4d) since averaging spectral compo-
nents with slightly shifted 2D bands lead to a broader but less
intense peak.

Fig. 4h displays the G band position wg with respect to the 2D
band position w,p. Such plot enables to independently quantify the
mechanical strain and the charge doping in graphene. Each green
triangle data point (referred to as “Foil R1”) in Fig. 4h corresponds
to a pixel in the maps in Fig. 4d and e. This shows that most of the
graphene region shown in Fig. 4c undergoes an in-plane strain

varying from about —0.3% to +0.2% and a few localized regions
possess a strain of about —0.4% or +0.6%.

A second map acquired in another region of the same sample (as
referred to as “Foil R2”) exhibits a distribution of data points pre-
senting a narrower variation in w,p but a wider variation of w¢. Such
distribution is indicative of larger charge doping inhomogeneities
which can stem from several origins: (i) graphene topside exposure
to PMMA residues or oxygen and moisture adsorbed from the at-
mosphere [47,48], (ii) graphene coupling with the underlying SiO/Si
substrate which has trapped charges and dangling bonds [42,49],
and/or (iii) residual ions trapped at the Gr/SiO; interface during the
Cu etching and PMMA/Gr rinsing process steps.

The doping from the graphene topside does not seem to be the
major contribution responsible for the doping spatial variation
since it should be rather constant for the different graphene regions
within a given sample or different Raman single-point acquisitions
within a given map. To better understand the origin of the doping
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variations, two additional Raman maps (of similar dimensions)
have been acquired on graphene grown on epitaxial Cu films and
transferred onto SiO;/Si. wg and w,p data, referred to as “Epi R3”
and “Epi R4”, are displayed in Fig. 4h. Remarkably, these data
exhibit a better clustering which indicates smaller variations in
terms of strain and charge doping compared with graphene grown
on Cu foils. Therefore, it is likely that the doping variations is caused
by Cu foil larger features (e.g Cu grain boundary grooves) imprinted
in the PMMA/Gr stack. These features tend to retain a certain
amount of water from the last rinsing bath once graphene is
transferred onto the final substrate. These trapped/stagnant water
pockets formed at the Gr/SiOinterface take a longer time to
percolate/evaporate and can lead, to some extent, to a sedimenta-
tion process of the ionic species which results in graphene doping.
It is also likely that the smaller Cu surface features (e.g. step edges)
contribute to the doping variations as they impact the planarity of
graphene on the final substrate, and hence, its proximity with
dangling bonds and trapped charges present in the underlying
substrate.

The planar aspect of graphene once transferred onto the target
substrate can be assessed using atomic force microscopy (AFM).
Fig. 5a—c have been acquired using a Bruker Icon with PeakForce
Tapping mode with ScanAsyst at room temperature with a Peak
Force set point of ~1 nN and a scan rate of ~1 Hz. Fig. 5a has been
acquired in the region shown in Fig. 4c where graphene was grown
at the mergence of three adjacent Cu grains. The AFM image clearly
shows the graphene wrinkles and the remnants of the Cu step
edges that were present on the Cu grains at the bottom and at the
right of the image. The Cu surface step bunching taking place un-
derneath graphene has been attributed to Cu atoms migration
driven by relaxation mechanisms to mitigate graphene’s
compressive strain or local bending energy [50,51].

Fig. 5b also corresponds to the mergence of 3 individual Cu grains
as shown in the area indicated by a white dashed rectangle in Fig. 2
(bottom panel). The extra surface area of graphene that grew in the
Cu grain boundary groove and turned into a wrinkle can be clearly
observed. AFM constitutes a useful tool to distinguish cracks that
formed during the CVD process from cracks that formed during the
transfer process. Cracks present in as-grown graphene are typically
filled/covered with PMMA during the transfer process. When the
PMMA/Gr stack is deposited on the final substrate, the PMMA pre-
sent in the graphene cracks comes in direct contact with the SiOand
leaves some residues after the PMMA removal. Such residues can
easily be observed in Fig. 5b (white arrows). In contrast, cracks
formed during the transfer process are usually cleaner as graphene
used to be present between the PMMA and SiO,before graphene gets
washed away (as indicated by the orange arrow). The superior Cu
surface morphology of epitaxial Cu films leads to almost no rippling
in graphene once transferred as shown by the AFM image in Fig. 5¢
which has been acquired in the region marked by the dashed white
rectangle in Fig. 3 (bottom panel, right column).

The formation of transfer-induced wrinkles in the transferred
graphene film can be easily predicted by observing the larger Cu
features (e.g. Cu grain boundary grooves or rolling striations) with a
traditional optical microscope prior to the transfer process. Gra-
phene nanometer-scale ripples, on the other hand, are the result of
smaller Cu features (i.e. Cu step-edges) which usually require SEM
or AFM to be properly observed. As shown in the top panel of Fig. 5,
such rippling can drastically vary from one Cu grain to another. The
dimensions of the Cu steps and terraces depend on various factors
including the Cu surface curvature (especially near the Cu grain
boundary grooves), the Cu surface crystalline orientation, and the
number of graphene layers. Dark field (DF) optical microscopy is
found to be a rapid and convenient route to anticipate the planar
aspect of graphene prior to initiating the transfer process. Dark field

imaging has previously been demonstrated to be useful to locate
individual graphene domains on the Cu surface, distinguish single
layer from multilayer regions, and observe local Cu oxidation which
highlights graphene grain boundaries and other gas permeable
defects [52,53]. Directly probing the graphene planar aspect on the
catalytic substrate constitutes an asset when considering the
fabrication of large arrays of devices with high performance as
graphene rippling can drastically impair graphene’s transport
properties [54].

The middle and bottom panels of Fig. 5 show the DF optical
images of graphene-coated Cu foils (left column), polycrystalline Cu
film (middle column), and epitaxial Cu film (right column). Dark
field imaging of Cu foils reveals various color shades and brightness
levels caused by a disparity in Cu step bunching. Such contrast
patchwork comes from the variety of Cu grain crystallographic
orientations including Cu(100), Cu(101), and Cu(111) [32]. The more
uniform color contrast in polycrystalline Cu films comes from the
fact that most grains have the same Cu surface crystallographic
orientation (i.e. Cu(111)) but exhibit a random in-plane orientation.
The graphene-coated epitaxial Cu film appears darker because the
surface has a low surface roughness, Cu(111) is a low index surface
leading to minimal steps, and Cu terraces are horizontal, mini-
mizing the amount of light reflected towards the microscope lens.
Supporting Information S3 shows that the 3D optical profilometer
can also serve as a rapid and non-destructive tool to predict the
formation of ripples (and get an insight into their dimensions) prior
to the transfer process.

3. Conclusion

In summary, we show that the Cu substrate morphology is a key
process parameter to consider when developing a controllable,
reliable and successful transfer process. Cu surface morphology
endows graphene a non-planar aspect which is maintained by the
mechanical support throughout the entire transfer process. The
superior planarity of graphene grown on epitaxial Cu film yields a
more conformal contact with the final substrate which results in
improved adhesion and reduces graphene degradation during the
transfer process. In contrast, polycrystalline Cu templates result in
graphene exhibiting substantial out-of-plane deformations that are
prone to cause cracking, wrinkling, non-uniform strain and doping
variations. We also show that the graphene sub-micrometer rip-
ples, which are caused by step bunching of the Cu surface, are one
of the main factor responsible for strain and doping variations in
transferred graphene. Although this study was primarily based on
the widely used wet PMMA-based transfer method, our findings
represent fundamental issues that apply to any transfer protocols,
regardless of the material used as mechanical support, the Cu/
graphene separation method, or the nature of the substrate. These
results suggest the Cu template smoothness/flatness represent an
important figure of merit for the graphene synthesis when aiming
to develop controllable, reliable, reproducible, and large-scale
fabrication of advanced technologies based on transferred
graphene.
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