Vol. 131 (2017)

ACTA PHYSICA POLONICA A

No. 6

Comparative Morphological Analysis
of Graphene on Copper Substrate
obtained by CVD from a Liquid Precursor

M. WEISs**, M. WALKOWIAK®, K. WASINSKI’, P. POLROLNICZAK®, B. KOKOCINSKA®

AND W. STRUPINSKI®
“Institute of Physics, Faculty of Technical Physics, Poznan University of Technology,
Piotrowo 3, 60-965 Poznan, Poland
bInstitute of Non-Ferrous Metals Division in Poznaii, Central Laboratory of Batteries and Cells,
Forteczna 12, 61-362 Poznan, Poland
“Institute of Electronic Materials Technology, Wolczynska 133, 01-919 Warsaw, Poland

(Received August 4, 2016; in final form May 6, 2017)

Graphene film has been produced on untreated Cu substrate by a chemical vapor deposition technique in
ambient pressure with liquid ethanol serving as the carbon precursor. The obtained material has been subjected
to morphological study, directly on Cu substrate, by means of optical microscopy, scanning electron microscopy,
atomic force microscopy, and a detailed Raman analysis. As a benchmark material, graphene obtained on Cu
by a conventional CVD from gaseous methane was used. This simple experimental setup has proved to enable
obtaining large area graphene samples with nearly 100% substrate coverage and large domains of one carbon
layer. As compared to graphene from gaseous precursor, the presented approach resulted in visibly more defects
and impurities. These imperfections are due to more complex precursor molecular structure and lack of Cu
pretreatment with hydrogen, the later cause being easy to eliminate in course of further optimization of the
method. The described approach can be regarded as a viable, low-cost, and experimentally simple alternative for
the existing techniques of producing large area graphene. By providing direct comparison with the conventional
method, the paper’s intention is to provide deeper insight and to fill gap in the understanding of mechanisms

involved in graphene formation on copper.
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1. Introduction

Graphene, a two-dimensional monoatomic layer of car-
bon atoms in a hexagonal array, is nowadays gaining a lot
of attention due to its extraordinary mechanical and phy-
sical properties [1-3]. Thanks to the wide range of pos-
sible graphene applications, such as flexible transparent
conductors [4, 5], integrated circuit elements [6], high-
frequency transistors [7, 8], ultracapacitors [9], battery
electrodes [10, 11], desalination membranes [12], passi-
vation layers [13] and composite materials [14], there is
a strong need to develop scalable and cost-effective pro-
duction methods. A number of physical and chemical
techniques are known that enable production of monoa-
tomic graphene sheets on metallic and non-metallic sub-
strates. One of the most effective, inexpensive methods
of depositing high quality graphene onto transition metal
substrates, such as Ni [15], Pd [16], Ru [17] or Cu [18], is
chemical vapor deposition (CVD). Among different me-
tals with proved catalytic action towards graphene synt-
hesis, Cu seems to be the best choice, as thin and flexible
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Cu foils are available at high purity and low cost. Additi-
onally, the carbon solubility in Cu at a standard graphene
growth temperatures is extremely low, therefore decom-
position of carbon precursors form graphene directly on
top of Cu is possible [19].

In spite of the technical simplicity, there is a lot of
factors that need to be taken into account so as to pro-
duce high quality, large-area graphene film on a rough
metal substrate by a CVD process. One of the most cri-
tical factors is the selection of carbon precursor either
in gaseous, liquid or solid form. Another one concerns
a proper substrate, overall purity and reaction parame-
ters like temperature, pressure, etc. Thanks to relatively
simple and cheap process of fabrication by CVD, large-
area graphene sheets can today be achieved at reasona-
ble cost and in relatively large quantities. This may be
an important factor regarding industrial application of
CVD-based graphene [20].

Thus far, gaseous carbon precursors have been by far
most extensively applied, in spite of a relatively complex
experimental setup requiring costly pressure gas contai-
ners with appropriate fittings. Presented approach might
potentially result in significantly less bulky experimental
setup. To this moment, there are a relatively few reports
on graphene made by CVD from a liquid carbon precur-
sor, including ethanol. Most of them were published in
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2010 and 2011. In particular, Dong et al. investigated
large-size graphene growth on Cu from ethanol and pen-
tane under atmospheric pressure [21] and found ethanol
to be superior in terms of the structure of resulting grap-
hene. Another study concerning graphene on Cu from
methanol, ethanol, and 1-propanol was done by Guer-
moune et al. [22]. It appeared that all these carbon sour-
ces behaved in a similar way and showed a characteristic
evolution of the Raman D-band integrated intensity in
function of annealing temperature. Under investigation
was also nickel substrate as a catalyst metal. Miyata et
al. [23] presented a simple graphene synthesis from etha-
nol using so-called “flash cooling”. Other relevant papers
are related to different liquid precursors. Li et al. [24]
described low-temperature growth of graphene (300°C)
on Cu from benzene. Another liquid carbon precursor
found in a recent scientific literature is hexane [25, 26].
Gao et al. [27] showed the synthesis of S-doped graphene
on Cu versus regular one from hexane. In a recent work,
Gan et al. [28] demonstrated a ternary CusNiZn alloy
as a substrate and compared it to Cu and Cu/Ni. The
authors demonstrated elevated Iop /I ratios in compari-
son with Cu. Common features of the above cited works
are: Cu substrate (with the exception of [23]), hydrogen
assistance and the fact that graphene sheets had been
transferred onto other substrates (usually SiO5/Si) prior
to the actual characterization. In this work we present a
comparative analysis of large-area graphene sheets grown
on a polycrystalline Cu foil from two different types of
carbon precursors, namely liquid (ethanol) versus con-
ventional gaseous (methane). The CVD reactor setup
was intentionally kept as simple as possible and the re-
action with liquid ethanol carbon source, in contrast to
other papers, was not hydrogen-assisted. Moreover, we
performed a detailed and technically more demanding
analysis of graphene as grown on Cu foils, without trans-
ferring it to another substrate.

2. Experimental
2.1. Sample preparation

Graphene deposition on Cu from ethanol was carried
out as follows. Cu foil (25 pm thick, Hohsen, Japan,
99.9%) was rinsed with distilled water, treated by 1 M
acetic acid at 40°C for 20 min, again rinsed three ti-
mes with distilled water and finally in acetone (Aldrich,
Poland, >99.5%) for 1 h. At the end, ultrasonic ho-
mogenizer (35% of power for 5 min, UP400S, Hielscher,
Germany) was used. Clean Cu foil sheets were placed
in horizontal furnace (PR-25/1800, ITR, Poland) inside
the quartz tube and exposed to 10 mL min~! argon flow.
The furnace (see Fig. 1) was heated up to 1050°C at the
heating rate of 10°C min~!. Cu sample was annealed at
1050 °C for 25 min under 20 mL min~! argon flow. Next,
argon flow was decreased to 15 mL min~! and valves 2
and 3 were opened to allow ethanol (about 10.5 cm? area
of evaporation, P.O.Ch., Poland, >99.5%) vapor and ar-
gon flow inside reactor tube. After another 5 min the
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system was switched to argon flow only and the furnace
was cooled down at 20°C min~! rate. The obtained Cu
sheets with graphene layers were placed and stored in
argon atmosphere. In a separate experiment, graphene
deposition on Cu from methane was carried out accor-
ding to procedure described in the work [29].

Cu foil
| I ] 1 Ar flow
[ Y —
Outlet — - | J Inlet
TUBE REACTOR 2 3
EtOH
L —— |

Fig. 1. Scheme of the chemical vapor deposition setup
for growing graphene films on Cu foil.

2.2. Instrumental analysis

2.2.1. Graphene surface morphology

Optical imaging of graphene on Cu substrate, after
additional annealing (120°C, 30 min on hot plate), was
carried out at ambient conditions using metallurgical mi-
croscope (OPMT NJF-120A) with 40-fold magnification.
Later, samples were taken to a high vacuum (HV) sy-
stem with a base pressure below 3x107% Pa. Scanning
electron microscopy (SEM) images were taken by using
Zeiss EVO 40 apparatus. Additionally, atomic force mi-
croscopy (AFM) studies were performed with the applica-
tion of Veeco Innova AFM apparatus (Veeco Instruments
Inc., USA). The sample’s surface topography and rela-
ted phase-shift signals were recorded in intermittent con-
tact mode (ICM) at ambient temperature and pressure
conditions in air. A rectangular PPP-NCLR silicon p-
cantilever (Nanosensors — NanoWorld AG, Switzerland)
with resonant oscillation frequency of about 160 kHz and
nominal force constant of about 48 N/m was used. The
nominal tip radius for PPP-NCLR was less than 10 nm.
All the AFM data were analyzed using Gwyddion pro-
cessing software [30].

2.2.2. Raman spectroscopy analysis

The micro-Raman measurements for this study were
carried out at ambient conditions in air, using a com-
mercial Raman confocal spectrometer (inVia, Renishaw,
UK), equipped with LWD x50 zoom lens, at fixed ex-
citation wavelength of 514.5 nm and up to 5 mW laser
power. All Raman scattering experiments required 10 s
CCD detector exposition time.

3. Results and discussion

The objective of this study was comparative analysis of
two different kinds of large-area graphene samples obtai-
ned by CVD process on polycrystalline Cu foils from dif-
ferent types of carbon precursors: liquid (ethanol) and
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conventional gaseous (methane) [31]. The latter one, due
to a well-established growth process, served as a reference
sample in this study. Obviously, each process was per-
formed in a different CVD reactor. High purity metallic
substrates for each process came from different manufac-
turers and were purified in different way. To ensure good
quality of graphene domains, the study was done on un-
touched graphene film attached to the Cu substrate —
without transferring to another substrate, like in some
other studies [15, 32]. Optical microscopy, SEM and
AFM were used to characterize surface morphology of
the obtained films. To get more information about the
number of graphene layers, homogeneity and defects, lo-
cal Raman mapping was applied [33].

3.1. Graphene surface morphology

Optical microscopy technique was employed to assess
the graphene film coverage. The imaging was done af-
ter additional annealing of the Cu substrate covered by
graphene film. This simple procedure allowed for rapid
oxidation of uncovered metallic substrate and, in con-
sequence, to increase the imaging contrast (dark areas
indicate the bare, oxidized Cu substrate). The annea-
ling time and temperature were chosen experimentally
to leave the object of the study untouched. As shown in
Fig. 2, it is possible to indicate a number of macroscopic
defects and cracks in graphene crystal (dark spots shown
by arrows). In some similar optical microscopy studies,
such as those presented in works [34-36], no disctinct mi-
croscopic details can be observed. However, in another
study by Duong et al. [37] focused on probing graphene
grain boundaries by means of optical microscopy, simi-
lar micro-details as those observed by us were presented.
To initiate the oxidation processes of Cu substrate, the
authors used different physical process — ultraviolet ir-
radiation under elevated moisture conditions. Despite a
different oxidation process used in our work, the impact
on the Cu substrate and graphene is similar. The aut-
hors achieved a very consistent results and considered
dark spots as cracks and grain boundaries in graphene
crystal [37].

Both images (Figs. 2a and b) reveal good coverage
without visible graphene islands [34, 38|.

In comparison with the graphene film from methane
carbon precursor (Fig. 2b), graphene film from liquid
precursor shows much more defects (Fig. 2a). There is
a number of possible reasons; the most probable being:
(1) more structurally complex liquid precursor, (2) more
invasive, chemical treatment of the Cu substrate and (3)
lack of the hydrogen passivation inside the reactor cham-
ber. The last is important due to the efficient termination
of graphene’s dangling C-bonds and forming more stable
C-H bonds [39]. This promotes more uniform growth of
graphene film. Additionally, in Fig. 2a, small graphene
domains are visible (dark straight lines depict cracks, in-
dicated by arrow). Nevertheless, wrinkles and linear folds
are natural morphological features of a native metallic
substrate. They usually appear due to transferring pro-
cedure from transition metal to different substrates, like

Fig. 2. Images from optical metallurgic microscope:
(a) graphene film obtained from liquid ethanol as car-
bon precursor, (b) graphene film obtained from gaseous
methane; dark spots indicated by arrows correspond to
oxidized Cu in places not covered by graphene. Scale
bar is 20 pm.

Fig. 3. SEM micrographs of graphene films on Cu sub-
strates; grains on polycrystalline Cu and cracks (bright

color) are visible. Arrows show uncovered Cu areas:
(a) and (c) graphene film obtained from liquid etha-
nol, (b) and (d) graphene film obtained from gaseous
methane.

silicon [40, 41]. This phenomenon may occur as a re-
sult of the mismatch of linear expansion coefficients of
graphene layer and the Cu substrate (8 x 1076 K~! [42]
versus 14 x 107% K~ [43]), given that graphene domains
are much smaller than single Cu grain. Cracks might be
created in the last stage of CVD process, that is during
rapid cooling stage. This stage, as a last part of the CVD
process, is necessary to obtain high quality graphene [23].

Similar analysis by means of SEM imaging (Fig. 3)
also revealed good homogeneity of the deposited grap-
hene film. Importantly, both samples demonstrated sub-
millimeter scale coverage (Fig. 3a and b). Cracks in
graphene crystal structure (bright lines) as well as larger



1500

discontinuities in deposited layers (shown by arrows) are
visible (Fig. 3). Upon closer inspection, graphene film
obtained from methane proved to be less defected and
more uniform than that from ethanol. Information gai-
ned from SEM on Cu foil are consistent with those repor-
ted by other groups: [44] or in supplementary information
of [37].

Atomic force microscopy technique has been applied to
study topography of the graphene layers (Fig. 4). In this
study, AFM operates in the intermittent contact mode
and collects data related to topography and phase-shift
simultaneously. Both pieces of information allow to con-
firm findings from optical microscopy and SEM techni-
ques, as well as to determine the height of the graphene
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directly. Phase shift of signals allow to distinguish bet-
ween graphene and uncovered Cu foil in different parts
of a sample due to unequal elastic and adhesive mecha-
nical properties of these materials. Thus, as shown in
Fig. 4a, b, e and f, it is possible to differentiate between
graphene coated region (designated by Gr) and uncoated
Cu (designated by Cu). In the phase shift images, it is
not possible to directly indicate which part of the map
represents which particular material (either Cu or grap-
hene). In order to assign a particular region to a specific
material (in our case graphene) graphene, it is necessary
to correlate the phase shift information (Fig. 4a, b, e, f)
with the surface topography data (Fig. 4c, d, g, h).

20 40 60 80
x [nm]

profile 1g
0 40 80 120 160 200 240
X [nm]

Fig. 4. AFM phase (a, b, e, f) and topography (c, g) images together with topography cross-sections (d, h) of the
obtained graphene layers on Cu substrates: (a)—(d) ethanol precursor, (e)—(h) methane precursor; Gr — graphene, Cu

— copper substrate.

Phase shift AFM image recorded for the ethanol-
derived graphene (Fig. 4a) reveals a number of small im-
perfection spots in Gr region, in general accordance with
data shown in Fig. 2a and 3c. In comparison to that,
analogous Gr region on the reference methane-derived
graphene sample (Fig. 4e) appears to be less defected,
also in accordance with Fig. 2b. Apart from that, for
methane-derived material, large and distinctive micron-
scale discontinuities in the graphene crystal are also pre-
sent. Parallel lines visible in Fig. 4 correspond to terrace
topography of the Cu substrate. Visual differences bet-
ween Cu areas on both samples (compare Fig. 4a and e)
result clearly from different substrate pretreatment pro-
cedures applied to both samples.

Figure 4c and g are topographic maps allowing for
the assessment of relative heights of the graphene layers.
These topographic images correspond to phase images 4b
and f, cut out from the wider areas 4a and e, respecti-
vely, in places where the boundaries of graphene domains
occur. White dotted lines mark these boundaries, other-
wise are invisible due to poor contrast, but very clearly

visible on the corresponding phase images. It must be
pointed out here that even for such a relatively small
sectors of the samples, the magnitude of observed heights
far exceeds the typical magnitude of one-layer graphene,
making the direct observation of the Cu—Gr boundary
impossible. To enable this observation, topography pro-
files across the graphene domain boundaries have been
done (Fig. 4d and h for the ethanol-derived and methane-
derived samples, respectively). The profile collection
paths are marked in the corresponding 4c and g images.

As can be seen, the detected graphene thickness is ca.
0.6 nm for ethanol-derived graphene and ca. 0.3 nm for
methane-derived graphene. The difference can be assig-
ned to Cu substrate roughness and to the influence of
the AFM tip apex shape. Mean roughness for 1 pm?
surface of uncoated Cu is 7.7 nm for ethanol-derived and
2.8 nm for methane-derived sample. Another reason for
the observed discrepancy can be traced back to the in-
herent technical characteristics of the AFM ICM mode,
commonly used in graphene visualization [45]. Our AFM
measurements were done in a good connection with this
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protocol. Still, we maintain that in both samples single
layer graphene is observed. Other groups reported single
layer graphene having measured the height of the grap-
hene domain boundaries in the range of 0.3-1.6 nm, thus
our measurements fit well enough to justify the grap-
hene monolayer [44-47]. The appearance of more than
one-layer graphene would be clearly visible in Fig. 4a,e.
Besides, additional top graphene layer would be possible
to detect as a decrease of the sample roughness, which is
not the case.

8.2. Raman spectroscopy analysis

Raman spectroscopy technique emerged as one of the
most important tools for non-invasive characterization
of graphene. By means of this optical technique it is
possible to unambiguously demonstrate the presence of
graphene and, in addition, to obtain information about
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the structure of this material [48]. In case of graphene
created on a catalytic metals, such as Cu, Raman measu-
rements are usually done after transferring the graphene
layer onto a certain flat substrate, in order to avoid in-
terferences from this metal. The approach adopted in
our work relies on measurements performed on the origi-
nal substrate. In spite of the necessity of dealing with the
above mentioned complications, our rare approach allows
for the presentation of in situ Raman data, for graphene
in its original state.

3.2.1. Background subtraction procedure

While working with graphene directly on Cu, due to
the strong background signal from the substrate it is vi-
tal to remove it from each graphene Raman spectrum
by manual subtraction. This was accomplished for each
single spectrum and map in this work.
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Exemplary background Cu signal subtraction procedure: (a) optical image 65 x 35 um?, with the area of the

Raman mapping indicated by the internal frame, (b) the Raman spectra collected from points A, B, C, and D before
the Cu background subtraction, (c¢) the Raman spectra collected from points A, B,C and D after the Cu background
subtraction, (d) the Raman map of the 2D band integral intensity [cm™'], (e) the Raman map of the G band integral

intensity [em™!].

In Fig. 5, demonstrating details of a typical back-
ground subtraction procedure, the presented range of the
Raman shifts comprises two most characteristic bands
related to graphitic materials, namely 2D and G. Fi-
gure 5b presents raw Raman spectra from four different
points A, B, C, and D, indicated in Fig. 5a. Spectra A, B,
and C, after subtraction of the Cu background signal

(spectrum D in Fig. 5b), reveal two bands characteristic
for carbon materials, i.e. 2D (the second-order G’ band)
and G (the first-order band). These different points re-
present graphene with various numbers of atomic layers,
which can be concluded from variable Irp /I integral
intensity ratios [49] (Fig. 5¢). Obviously, spectrum D is
flat as it comes from the Cu substrate (Fig. 5b and c) and
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it is used in the subtraction procedure. The Raman scat-
tering is an optical and local technique. Gathering of the
information is limited to the size of the laser spot. Thus,
for a single spectrum, signal is averaged from many focal
points of the sample area. Internal frame in Fig. 5a defi-
nes the area covered by the obtained Raman maps which
are shown in Fig. 5d and e (as integral intensities of the
2D and G bands, respectively). Black color corresponds
to lack of graphene layer. This is in good agreement with
what can be directly observed in the frame on the opti-
cal image (Fig. 5a). Thus each Raman map under this
study, contains spectral information from 10 x 20 pm?
area and is composed of 66 spectra, acquired in 2 pm
steps at 1000-3000 cm ™! shift range.

3.2.2. Detailed Raman analysis and disorder in the grap-
hene crystals

Figure 6 shows a set of typical graphene spectra taken
from random points of both examined samples. Major
bands characteristic for single layer graphene, i.e. 2D, G,
and D, are clearly visible. Other bands, like D + G
(= 2935 cm™!) and D’ (= 1620 cm™!) are also visi-
ble, at least for graphene film obtained from ethanol as
carbon precursor. Band 2D (= 2690 cm™!, ethanol) is
evidently down-shifted by about 30 cm~! with respect
to graphene film produced from methane (red dashed li-
nes in Fig. 6). This offset may be explained in terms

Graphene spectra (ethanol)
Graphene spectra (methane);

Intensity

B,
AR N

A

T T T T T T T T
3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000
Raman Shift [cm™]

Ak

Fig. 6. A set of single spectra recorded at expanded
Raman shift range from graphene films obtained from
ethanol and methane (blue).

of the measurement on Cu substrate grains having diffe-
rent crystallographic orientation, due to locally-induced
stress in graphene film [50] or because of different re-
action temperatures in CVD process [22]|. G peak is pla-
ced at ~ 1590 cm~! and can be attributed to in-plane
vibrations of sp?-bonded carbon atoms. The integral in-
tensity ratio 2D /G is about 2.5 for graphene produced
from methane and about 2.2 for ethanol. These numbers
convey information about the number of graphene layers.
Thus, for all selected measurement points in Fig. 6 mo-
nolayer graphene has been confirmed. The 2D band is
characterized by a single Lorentzian peak with full width
in a half of the maximum (FWHM) of about 40 cm™!
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for “methane” spectra and 50 cm ™! for “ethanol” spectra.
The D band is placed at ~ 1347 cm ™! and is usually used
as indicator of defects density in graphite lattice and its
allotropes [51]. The D band results from out-of-plane vi-
brations of sp?-bonded carbon atoms. The smaller value
of integral intensity of D band, the better in terms of
the graphene crystal quality. Judging from optical, SEM
and AFM images (Figs. 2—4), graphene film produced
from ethanol appears as more defected.

The intensity of D band (Fig. 6) is elevated, while for
graphene film produced from methane this effect is al-
most negligible. This may implicate better electronic,
thermal, and mechanical properties [52] as well as gene-
rally better quality of the “methane” sample. Since the
intensity of the D band is dependent not only on defects
but also on the number of graphene layers, it is desirable
to check the D/G integral intensity ratio [53, 54]. The in-
tegral intensity ratio D/G is about 0.45 for graphene pro-
duced from methane and about 0.85 for ethanol (smaller
value means better quality). It is worth to point out that
the D+ G (~ 2935 cm™!) and D’ (=~ 1620 cm~!) bands,
observed only for graphene film produced from ethanol,
are the second and third defect-induced Raman features.
The D, D’ and D + G bands are not observed in highly
crystalline graphene [55]. As we highlighted before, this
difference in sample quality can be attributed to the Cu
substrate preparation procedure. It appears to be highly
beneficial to passivate the entire surface with Hs inside
the CVD reactor [39].

3.2.8. Analysis of the graphene layers number
on the basis of Raman mapping

One of the most common and useful applications of
the Raman scattering technique in relation to graphene
is determination of the number of mono-atomic grap-
hene layers. This can be done by comparing the inte-
gral intensity ratio of 2D and G bands (Fig. 7) and by
analyzing of their FWHM values (Fig. 8). The Raman
spectroscopy can clearly distinguish up to 5 monoato-
mic layers [49]. For more than 5 layers it is hard to
distinguish due to the similarity to graphite Raman pat-
tern. Figure 7a,c and 7b,d shows the Raman maps of
the integral intensities of 2D and G bands for graphene
films obtained from ethanol and methane, respectively.
The intensity maps are more uniform and consistent for
methane-derived graphene. Maps of the integral intensity
ratio 2D /G (Fig. 7e,f) are similar for both samples and
are in the range between 1.25-2.00. These numbers cor-
respond to one-layer and two-layer continuous graphene
films. Dark blue areas in Figs. 7e,f (values below 1.0)
correspond to multilayer graphene film (graphitic struc-
ture). These micrometer-scale areas could play the role
of nucleation centers in the process of graphene forma-
tion [56]. Blue rectangle frames in Fig. 7g and h show the
areas of investigation for Figs. 7-9. As shown in Fig. 6,
the 2D band is symmetric, even for defected graphene
(green spectra). This feature is characteristic for single
layer graphene and can be attributed to the single 7 elec-
tron valence band and 7* conduction band structure [57].
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images with blue frames indicating the areas of Raman mapping.
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Raman maps based on the FWHM parameter [cm ™| for graphene obtained from ethanol (left column) and

methane (right column); (a,b) FWHM of 2D band, (c,d) FWHM of G band.

Nevertheless, as shown in Fig. 8a and b, FWHM of the
graphene 2D band is high (broad lines) and is of the or-
der of 60-75 cm ™! for ethanol (Fig. 8a) and 40-55 cm™*
for methane (Fig. 8b), while FWHM corresponding to
one-layer graphene is known to be ca. 27 cm™! [57]. Ele-
vated values of 2D FWHM for the same laser power end
excitation energy, can be interpreted partially in terms
of different density of defects as well as unequal strain
level [54, 58]. Moreover, the recorded values may be
affected by the Cu substrate corrugation or Cu itself

(strong background signal). Other explanation can be
the existence of local nucleation centers, containing more
than one layer of graphene with lateral dimensions smal-
ler than the map resolution.

As suggested by Fig. 7e,f and Fig. 8a,b, higher FWHM
values in connection with moderately high 2D /G integral
intensity ratio, the examined pieces of Cu foil may be
covered by domains consisting of one or more graphene
layers. Such observation was confirmed by AFM analy-
sis (Fig. 4). Thanks to the phase imaging and averaged
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topography cross-sections (Fig. 4d,h) of graphene/Cu in-
terface, the presence of graphene monolayer for both sam-
ples was confirmed at least in some parts of the samples,
staying in a good agreement with the Raman analysis.

3.2.4. Stress distribution in graphene crystal

The application of polycrystalline substrate has se-
vere implications in terms of stress exerted on graphene.
Single Cu crystals, with grain having different crystallo-
graphic orientations, will cause uniform or biaxial strain
(compression up to 0.3%) of the continuous graphene

8 10
X [um]

Fig. 9.
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film [59]. Therefore, graphene obtained on a single Cu
crystal will obviously be more uniform and less defected
as compared to frequently used polycrystalline substrate.
In the latter case, due to the influence of strain in the
graphene layer, both 2D and G bands are shifted with
respect to the bands positions observed in relaxed grap-
hene [50]. Figure 9 shows the Raman maps of 2D and G
band shifts with respect to relaxed graphene (2D band:
2680 cm~!; G band: 1590 cm~1) [60].

8

Raman maps of relative (versus the relaxed graphene) 2D and G shifts [cm ™|, obtained from ethanol (left)

and methane (right): (a,b) 2D band shift in relation to 2680 cm™', (c,d) G band shift in relation to 1590 cm™".

Each map includes at least one Cu grain boundary,
so as to verify its possible influence on the band shift
(compare Fig. 7g and h). The influence of grain boun-
daries is not noticeable. The 2D bands of both ethanol-
derived and methane-derived samples are up-shifted with
respect to the relaxed graphene crystal (Fig. 9a,b). All
shift maps (for both 2D and G bands) are characterized
by the Gauss distribution. The average shift for the 2D
band is 16.3£0.6 cm~! for ethanol-derived sample and
34.04£0.8 cm~! for methane-derived sample. The diffe-
rences in the 2D band shift for both samples are clear
and have similar nature as shown in Fig. 6. Confirma-
tion of lattice stress requires that both bands, 2D and G,
be shifted. As can be seen in Fig. 9¢c and d, the G band
shift is too small for both samples. The average value of
shift for the G band is 0.24:0.2 cm ™! for ethanol-derived
sample (Fig. 9¢) and —2.4+0.4 cm ™! for methane-derived
sample (Fig. 9d), thus negligible. It is further noteworthy
that the local change of graphene crystal thickness will
induce mainly the change of the 2D band position [60].
But such behavior may be due to the presence of the Cu
substrate. Therefore, it is hard to conclude about stress
exerted on the graphene crystal by Cu.

Lateral graphene crystal domain size has been estima-
ted accordingly to semi-empirical equation given in [61].
According to calculations, the domain size for ethanol-
derived graphene is 19 nm while for methane-derived
sample the value of 35 nm has been obtained. These va-
lues are comparable with data reported by other works.

For example, 27.3 nm for graphene on Cu from hexane
as liquid precursor has been reported in the work [27].
Guermoune et al. [22]| received higher values (168 nm)
for graphene obtained on Cu from ethanol precursor but
in markedly lower temperatures.

4. Conclusions

Low-cost, large-area graphene synthesis has been ac-
complished in a simple CVD tubular reactor from a li-
quid carbon precursor (ethanol), in argon and without
pre-treatment in hydrogen. The article presents a compa-
rative structural study of this graphene versus a similar
material obtained in a widely established manner from
gaseous precursor (methane). Optical microscopy, SEM,
AFM and Raman spectroscopy mapping techniques were
employed to characterize and compare the obtained grap-
hene films directly on the native Cu substrate. In spite
of some interpretational difficulties, such approach allo-
wed to analyze insitu the as prepared graphene films
in terms of morphology, continuity, disorder, number of
layers and grain size. For the ethanol-based synthesis,
single layer graphene has been confirmed by combined
AFM and Raman analyses. Coverage by single and dou-
ble layer graphene was found to be similar to that ob-
served for methane-derived graphene, approaching 100%
of the substrate surface. The ethanol method produces
graphene with larger amount of disorder, which can be
explained by more complex precursor molecular struc-
ture (ethanol versus methane) as well as by the fact that
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the Cu surface pretreatment by hydrogen was skipped for
the sake of the method simplicity. Besides, the technique
is far less elaborated as compared to the well-established
and highly optimized CVD from gas. In spite of this,
it was demonstrated that graphene can be produced
on a relatively large scale in simplified experimental se-
tup with the application of liquid precursor. Optimiza-
tion is strongly needed to reduce the amount of disor-
der and impurities so as to ensure satisfactory electronic
properties.
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