This document is the Accepted Manuscript version of a Published Work that appeared in final form in JOURNAL OF PHYSICAL CHEMISTRY. C
© American Chemical Society after peer review and technical editing by the publisher. To access the final edited and published work see https://doi.org/10.1021/acs.jpcc.8b10094

Ethanol-CVD Growth of Large Single-Crystal

Graphene on Flat Cu Surfaces

Andrea Gnisci,” Giuliana Faggio,” Giacomo Messina,” Junyoung Kwon?, Jong-Young Lee’,

Gwan-Hyoung Lee?, Theodoros Dikonimos*, Nicola Lisi*, Andrea Capasso*"

T DIIES Dept.,University “Mediterranea”, Via Graziella, Loc. Feo di Vito (Reggio Calabria

Italy)
<+ ENEA, DTE PCU IPSE, Casaccia Research Centre, Via Anguillarese 301 (Rome, Italy)

1 Department of Materials Science and Engineering, Yonsei University, Seoul 03722, Republic

of Korea

ABSTRACT: High-quality graphene can be produced in large scale by chemical vapor deposition
(CVD). Ethanol is emerging as a versatile carbon source alternative to methane for the growth of
graphene on a copper (Cu) foil catalyst. To date, rigorous studies of the ethanol-based process still
lack, especially concerning the first stages of the growth, which ultimately determine graphene’s

properties, such as defect density and crystal size, and performance, such as electrical conductance
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and mechanical strength. In particular, so far the growth of isolated graphene grains by ethanol-
CVD has been obtained only on pre-oxidized Cu foils folded in enclosures, in an attempt to limit
the partial pressure of the precursor and thus the nucleation rate. We here systematically explored
the process parameters of ethanol-CVD to obtain full control over the nucleation rate, grain size
and crystallinity of graphene on flat Cu foils, which are of interest for any realistic production in
large scale. In order to limit the nucleation density and increase the grain size, pre-oxidized Cu
foils (250 °C in air) were used as substrates, and the process parameters were thoroughly
investigated and tuned. Ultimately, at an ethanol vapor flow of 1.5x10- sccm, the nucleation
density was reduced to less than 3 nuclei/mm? and isolated single-crystal grains were grown with
lateral size above 350 pm. When transferred onto Si/SiO» substrates, the grains showed field-effect
mobility beyond 1300 cm?/Vs. Our results provide a step closer towards an affordable

commercialization of electronic-grade, large-area graphene.
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1. Introduction

Due to abundance, atomic lightness, bond strength and flexible hybridization, carbon allotropes
are deemed fundamental building blocks for various advanced materials, which are key in many
technologic fields. Among carbon allotropes, graphene, the basal plane of graphite, is the two
dimensional (2D) material which was firstly isolated and studied !. The exceptionally high carrier
mobility observed in exfoliated graphene samples (derived from mined graphite) 275 lured
researchers to conceive the field of 2D electronics. The promised impact of such novel field is still

to come, due to current technologic limitation in the production and processing of 2D materials.



The superior electrical properties of graphene are normally achieved in single-crystal exfoliated
graphene, but it has proven hard to match those properties in large-area samples produced by even
the most advanced technique — chemical vapor deposition (CVD). Samples are typically made of
polycrystalline graphene, and the presence of grain boundaries are known to have a negative
impact on graphene’s physical properties, such as mobility, electron conductivity, and mechanical
strength 8. For this reason, an extensive effort was devoted to suppress the formation of grain
boundaries and increase the size of graphene grains, mainly by decreasing the nucleation density.
If a few graphene nuclei are widely spaced, they can grow as isolated single crystals and eventually
merge into a continuous graphene film with reduced grain boundaries. Alternatively, all graphene
nuclei were reported to grow with the same crystalline orientation on hydrogen-terminated Ge
substrates °: Being them epitaxially correlated on an identically-oriented surface, they grow
aligned along the same crystalline direction and ultimately merge into a single-crystal film without
grain boundaries. However, this approach is still out of reach in the case of a polycrystalline Cu
foil substrate, which is widely used for graphene growth due to a low price combined with a high
graphene quality. In this case (growth on Cu via CVD of methane), the nucleation density was
initially in the order of ~10° nuclei/cm? !°. To minimize this high nucleation density, the CVD
parameters were finely modulated by using high temperature (1000 ~ 1077 °C, close to the melting
point of Cu (1084 °C)) ''"13, low precursor partial pressure >4, and high hydrogen-to-methane
ratio '011.15:16 To further control the nucleation sites, the Cu substrates were pre-treated by thermal
annealing '3 electrochemical polishing '°, and pre-oxidation 722!, These efforts finally enabled
the growth of millimeter-sized graphene grains 1018,

Methane gas has been so far the preferential carbon source for the CVD growth of graphene on

Cu. Being an efficient carbon precursor, ethanol can be used instead of methane and provide



various advantages. Being liquid at normal temperature and pressure, ethanol is safer than
methane and can decompose at a lower temperature, accelerating the growth 2>23. Continuous
graphene films were grown on Cu foils at low partial pressures of ethanol (< 2 Pa) in seconds i.e.,
much faster than conventional growth times (in the order of minutes) of methane-based CVD
processes 202427 Shorter growth times are crucial for industrial production and can also limit
growth kinetic issues related to Cu sublimation 2%, which is also known to pollute the internal
furnace walls during the CVD process, limiting the throughput >°. Such an extremely fast growth
of graphene occurs with an ethanol vapor flow as small as 0.1 sccm, one order of magnitude lower
than those typical for methane. It is then challenging to increase the size of individual graphene
grains above 5 um without a specific strategy aimed at limiting the nucleation density 3°. The pre-
oxidation of the Cu foils is an effective way for reducing the number of nucleation sites and obtain
large single-crystal graphene samples 0-1821.27.31233 By pre-oxidizing the Cu foils at 250 °C, the
nucleation density became as low as ~ 1 nucleus/cm?, five orders of magnitude smaller than that
reported for untreated Cu foils 82731734 When the Cu foil is covered by an oxide layer, its surface
is passivated and the presence of impurities acting as nucleation seeds is abated '0:17:2135-38,
However, it should be noted that an unwanted amount of oxygen is often uncontrollably introduced
into the CVD chamber for several potential reasons: i) imperfect vacuum sealing, i1) use of
hydrolyzers for the production of H, gas 3°. Other than the presence of residual oxygen, the
different quality and processing of Cu foils, depending on the production process (cold-rolled or
soft-annealed) and the degree of purity (oxygen-free or oxygen-rich) 214046 are associated with a
confirmed difficulty to reproduce results.

Most of the recent studies on the growth of large single crystal graphene covered the CVD of

methane !2, while ethanol as a carbon source has not been investigated in this respect yet. Up to



date, only one group reported the growth of mm-sized single crystal graphene by CVD of ethanol

with pre-oxidized Cu “enclosures” 2’

. The enclosure approach is not ideal because it introduces
uncertainties to the CVD process: It is impossible to define the gaseous environment inside the
enclosure’s internal surfaces. If the enclosures are physically sealed and gas-tight, then carbon
would be either present as a contaminant on the copper surface, or it would diffuse inside across
the Cu foils bulk, possibly along grain boundaries ?!. Instead, if the enclosures are not perfectly
sealed, then the precursors could flow in and out, along the uncertain “pliers-crimped edges”. In
this framework, it is crucial to optimize the early nucleation stages on a flat Cu surface directly
exposed to the gas atmosphere. In this work, we demonstrate the CVD growth of isolated graphene
grains larger than 350 pm by using ethanol and pre-oxidized flat Cu foils. By using low pressure
(130 - 400 Pa) and small ethanol flow (1.5%10-3 sccm), the nucleation site density was considerably
reduced. Overall, we abated the nucleation density to 3 nuclei/mm? and tuned the CVD parameters
to control the growth process for a time long enough (an hour) to produce sub-mm graphene grains
with high crystallinity and few defects. The synthesized graphene islands are single-crystal with
field-effect mobility beyond 1300 ¢cm?/Vs, demonstrating the potential of our growth method for
the fabrication of high performance graphene electronic devices.

2. Experimental

2.1 Sample preparation

As previously reported, the CVD system was made of a quartz tube vessel, coaxial to a tube
furnace 23474¢ which was modified with inner screens of alumina and tantalum to avoid the issue
of quartz contamination 2°. Cu foils (SE Cu 58, cold worked Oxygen Free Copper 99.95%), cut
into 2x2 cm substrates, were washed in a cycle of ultrasonic baths (5 min each in acetone and

ethanol). For the pre-oxidation treatment, the Cu substrates were heated on a hot plate at 250°C in



air (from 0 to 150 min as reported, with ramping rate of 8§ °C/min). Then Cu substrates were slowly
cooled down to room temperature to prevent the formation of micro-cracks in the copper oxide
layer, which could expose bare metal. The oxidized Cu substrates were inserted inside the reactor
vessel under controlled pressure, and quickly moved from the room-temperature zone into the hot
zone without breaking the vacuum when the growth temperature was reached. During the growth
phase Hz, Ar (20sccm) and ethanol vapor were supplied. The H and ethanol vapor flows ranged
between 10-100 sccm and 1.5x1073-0.1 sccm, respectively. Before the introduction of ethanol
vapors in the chamber, the Cu substrates were thermalized in Ar atmosphere (20 sccm) at the same
growth temperature for a given annealing time (1-20 min). The growth time was defined between
the onset of the precursor flow and the extraction of the sample from the hot zone. Ethanol vapor
was fed with Ar carrier gas by using a pressurized bubbler kept at 0°C in an iced water bath, so
that the partial pressure of ethanol was 15 mbar (1.5%103 Pa) in 3 bar (3x10* Pa) Ar. When the Cu
substrates were extracted from the hot zone, they were cooled down to room temperature in Ar
atmosphere (750 sccm). Other details on the CVD apparatus and the growth procedure were
reported in previous work by the group .

2.2 Sample characterization

To optically visualize the growth of isolated graphene grains, the Cu substrates were heated in
air on a hot plate at 180 °C for 30 min 2!: The uncovered Cu regions were mildly oxidized,
providing color contrast with those under the graphene grains which retained the metallic luster.
For further characterization, the samples were also transferred on Si0,/Si substrate using
cyclododecane transfer method 474

Raman scattering measurements were carried out with a HORIBA Scientific LabRAM HR

Evolution Raman spectrometer with an integrated Olympus BX41 microscope and 532 nm laser.



Low laser power of < 1 mW minimized degradation or damages of graphene. The morphology
was characterized by tapping-mode atomic force microscopy (AIST-NT SPM AFM) and scanning
electron microscopy (SEM, FEG FEI Helios NanoLab 6001).
2.3 Field-effect transistors fabrication and electrical measurements

The graphene samples on Si/Si0O; substrate were patterned by e-beam lithography and etched by
oxygen plasma to define the graphene channels, and sequentially annealed at 345 °C for 3 hin a
mixture of Ar (95%) and Hz (5%) to remove residues from graphene. Metal electrodes were
patterned by e-beam lithography and Cr/Pd/ Au (1/30/40 nm) metals were deposited by e-beam
evaporator. Electrical measurements were taken with a semiconductor parameter analyzer

(Keithley 2400) in ambient condition.

3. Results and discussion

The graphene growth by ethanol is so efficient and rapid that a continuous polycrystalline film
can grow in few seconds, even less than 60 2°. With ethanol flow rate Qe = 0.1 sccm, a continuous
film grew in 15 s (Figure 1a). The Raman analysis in Figure 1b-d shows that the graphene is
monolayer (Iop/Ig ~ 2.7) and slightly defective (Ap/Ag = 0.5). To decrease the nucleation density
and obtain isolated graphene grains, the growth rate was tuned by setting Qe = 1.5%102 scem. In
these conditions, individual graphene grains grew with 1-3 um size (Figure le). These grains are
made of monolayer graphene (Iop/lg = 2.3) with lower defect density (Ap/Ag = 0.3) than the
continuous film. The morphology of the islands was further investigated AFM (Figure 1i-1). The
Cu foil substrates (polycrystalline) underwent substantial recrystallization during the CVD
processes. AFM images taken on the Cu substrates indicate that the graphene island do not have a

distinctive polygonal shape; however, hexagonal islands fully cover specific Cu grains, possibly



those with Cu (111) facets *°. It is expected that single-crystal graphene grains might become more

regular as the precursor flow is lowered and the growth rate is reduced °.
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Figure 1. Graphene grown for 15 s with (a-d) Qe = 0.1 sccm and (e-h) Qe = 1.5%1072 scem. (a,€)
SEM micrographs of the graphene on the Cu substrates. (b,c) Raman mapping images (50 x 50
um in size, 0.5 pm resolution) for Ap/Ag (peak integrated area ratio) and Ip/Ig (peak intensity
ratio) after transfer on SiO»/Si. The blue arrow indicates a small tear caused by transfer. f,g) Raman
mapping images (17 x 17 um in size, 0.25 pm resolution) for Ap/Ac and Lp/lc of graphene
islands after transfer on SiO2/Si. The sample is composed of isolated monolayer graphene grains
of 1 - 3 um with smaller disorder level. (d,h) Representative (averaged) Raman spectra. (i-1) AFM
analysis of graphene grown with Qe = 1.5%x102 scem. (i) Graphene grains on Cu foil; the
differences in shapes are related to the Cu facets where the grains are grown. (j) High-resolution

AFM image of single grains (on Cu) with hexagonal shape. (k) AFM image after transfer on



Si0,/Si with 1) height profile (showing a step of 0.8 nm). Some wrinkles due to the transfer process

appear.

To obtain regular grains with sizes beyond a few microns, we applied a pre-oxidation treatment
to the Cu substrates and investigated the effect of the pre-oxidation time on the nucleation density
(dn). As pre-oxidation treatment, the Cu foils were annealed in air at 250 °C for a time (tox) ranging

from 0 to 150 min (Figure 2).
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Figure 2. Nucleation density of graphene grown on Cu substrate with different pre-oxidation
(250°C in air) time (tox) ranging from 0 to 150 min. (a-e) Optical microscopy of the graphene
grown on Cu in the various cases. (f) Nucleation density trend vs pre-oxidation time. (g-i)

Nucleation density of graphene grown on pre-oxidized Cu substrate (250°C in air for 150min) with



different pre-growth Ar annealing times (tann). Isolated grains grew only with 1 min Ar annealing,

while in the other cases continuous films grew.

With no pre-oxidation (tox = 0 min), the 8, = 6x10° nuclei/mm? (Figure 3a). For tox= 30 min, the
nucleation density drastically decrease (8, = 1.1x10* nuclei/mm?). At longer times, 3, keeps on
slightly decreasing, reaching 8, = 3.4x10° nuclei/mm? at tox = 150 min: Such nucleation density is
more than two orders of magnitude smaller than the value obtained on non-oxidized Cu. The
grains’ growth rate is ~0.08 um/s and they reached an average size of ~20 um (Figure 2¢). Having
set the duration of the pre-oxidation treatment to 150 min, we investigated the effect of the Ar
annealing on the growth (Figure 2g-1). The Ar annealing was done in vacuum just before the CVD
growth in the furnace. By varying the Ar annealing time from 1 to 20 min, we discovered that such
pre-oxidation treatment was effective in reducing the nucleation density only with an Ar annealing
of 1 min before the CVD growth. With a Ar annealing time longer than 1 min. the effect of the
pre-oxidation on the nucleation suppression was cancelled and continuous graphene resumed
growing. The combined effect of pre-oxidation and Ar annealing can be explained in terms of
copper reconstruction and sublimation 2%, During the pre-oxidation treatment, both cupric oxide
(CuO) and cuprous oxide (Cu20) are formed on the Cu surface 2’. At AFM analysis, the pre-
oxidized Cu surface appears highly roughened due to typical clusters of sub-um Cu oxide
spheroids (not shown) [51]. The Ar annealing rids the Cu surface of oxides in a few seconds (as
predicted by the Cu/O2 phase diagram [52]); this should restore the catalytic activity of metallic
Cu, but the reconstructed surface is very smooth and offers fewer nucleation sites, such as defects
and carbon contaminations, than the original Cu foil [28, 53]. When the Ar annealing lasts for
longer times (tann > 1 min), the intense Cu sublimation and re-deposition induce new nucleation

sites and thus the growth of continues films resumes [28]. After determining the initial conditions
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for the growth of individual grains (Cu pre-oxidation at 250°C in air for 150 min, Ar annealing in
vacuum for 1 min), the CVD parameters were optimized to obtain crystalline graphene grain of
sub-mm size. The process steps are reported in Table 1.

Table 1. Optimization of the CVD conditions to make large-area, single-crystal graphene grains

via ethanol-CVD on pre-oxidized, flat Cu substrates.

process (°TC) T(I;I)l ’ (lfa) (s(czé;lrll) (sgin) folti | Lanilie (nuclfi;mmz) (ilrzne)
Pl [1000] 1800 | 130|1.5x102| 100 [0.6+0.1[2.4+0.1| 3.7x10? 40+12
P2 |1000| 1800 [ 130 [ 1.5x103 | 100 |0.3+0.1|2.4+0.3 3 454455
P3  [1070] 1800 | 130|1.5x103 | 10 [0.3+0.1[2.5+0.2 <3 90.348.9
P4 [1070] 1800 [400|1.5x103| 10 [0.2+0.1|2.5+0.4 <3 216.0+20.2
P5  [1070] 3600 [400|1.5x103 | 10  [0.1£0.1[2.4%0.1 <3 359.6+75.3

At first, the effect of the ethanol flow on the grain size was further investigated by comparing
the growth at 1.5x102 and 1.5%1073 sccm. By decreasing the flow, the nucleation density turned
from 3.7x10? (P1, Figure 3a) to 8, = 3 nuclei/mm? (P2, Figure 3b). In the latter case, monolayer
grains (Iop/lg = 2.4) grew larger than 40 pm and with low defect density (Ap/Ag from 0.6 to 0.3).
The use of a smaller ethanol flow on oxidized Cu successfully decelerated the growth rate and

favored the appearance of grains with regular and well-defined shape 2.
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Figure 3. Optical images of graphene (30 min, 1000° C, 130 Pa) grown on pre-oxidized Cu foil

with (a) 1.5%x102 sccm (P1) and (b) 1.5x1073 scem of ethanol (P2). ¢) Corresponding Raman

spectra.

A detailed characterization of one 50-um grain (130 Pa and 1.5%1073 sccm) was carried out by
AFM and Raman mapping (Figure 4). In line with Figure 3c, the Raman map (Figure 4c) shows
Ap/Ag < 0.2, with peak values of ~ 0.3 on small regions affected by the transfer process. The Lp/Ig
map (mean value of ~ 2.4, Figure 4d) also confirms the overall uniformity of the grain. The grain
measured by AFM has a step of ~ 1 nm (Figure 4b), compatible with the monolayer thickness

previously inferred by Raman spectroscopy.
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Figure 4. Analysis of a 50-um grain (sample P2) after transfer onto Si/SiO.. (a) Optical
micrograph of the grain, (b) AFM topography image with thickness line profile of ~ 1 nm. The
value is larger than the inter-plane spacing of graphite (0.335 nm) due to intercalated molecules
and to the interaction forces between graphene-substrate-tip, as found for CVD-graphene in similar
experimental and environmental (relative humidity) conditions 3733, Raman mapping images of

(b) Ap/Ac and (c) Ip/Ig peak ratio (60 um x 60 um area, 0.5 um spatial resolution).

After setting the ethanol flow to 1.5%103 sccm, the CVD temperature was raised from 1000°C
to 1070°C, to fully exploit the fast growth kinetics granted by ethanol aiming at increasing the
grain size and crystallinity (Figure 5). At 1070 °C, single-crystal grain reached sizes over 90 pm
(P3, Figure 5a). Raman analysis shows Iop/I = 2.5 and Ap/Ag = 0.3, a typical Raman signature of
crystalline monolayer graphene, with lower defect level than at 1000°C (Figure 5d). By raising the
gas total pressure (400 Pa) during the growth, the graphene grains extended their sizes to more

than 200 um (P4, Figure 5b). In these conditions, by bringing the growth time to 60 min, sub-mm
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grains (larger than 350 um) grew with regular geometric shape and sharply defined edges (PS5,
Figure 5¢). The Raman spectra in Figure 5d shows Lp/Ig = 2.5 %3 and Ap/Ag < 0.1. Graphene
grown for 60 min showed the lowest defect related D peak intensity, which was probably induced

by the transfer process because no D peak was observed in as-grown graphene on Cu substrate

(Figure S1).
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Figure 5. Optical and SEM images of the single-crystal graphene grains grown at 1070 °C with
1.5x1073 sccm of ethanol: (a) 130 Pa, 30 min (P3); (b) 400 Pa, 30 min (P4); (c) 400Pa, 60 min (P5).

(d) Raman spectra of the samples transferred onto Si/SiO,.

Figure 6a shows the edge morphology of a graphene grain (P5, 350 pm in size) on Cu substrate.
The thickness measured by AFM is ~ 1 nm, compatible with monolayer graphene on Si/SiO;

(Figure 6b). Raman mapping images (50 x 50 um) acquired on the grain edge highlight the
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uniformity of the sample, with Ap/Ag < 0.1 (Figure 6¢). Small regions with Ap/Ag > 0.2
correspond to minor contaminations, wrinkles and folds due to transfer process. The Raman peak

ratio Iop/lg > 2 confirms the monolayer thickness (Figure 6d).

Figure 6. Analysis of a 350-um graphene grain (P5: 1.5x10-3 sccm ethanol, 1070° C, 130 Pa, 60
min). (a) SEM image and (b) AFM topography image with thickness line profile of the grain edge.

Raman mapping images of (c¢) Ap/Ag and (d) Lp/IG.

To summarize, the optimization steps led to a concurrent decrease in nucleation density and to
a major increase in grain size, as reported in Figure 7. The successful growth of large single-crystal
graphene by ethanol-CVD might be possibly attributed to oxygen atoms dissociated from ethanol,
which would act as nucleation inhibitors by suppressing the formation of new nucleation sites [21].
However, in ethanol-CVD, oxygen might also act as a growth enhancer promoting the quick
growth of graphene on a Cu substrate [26]. Therefore, this growth platform would deserve further
investigations in order to fully understand the overall effect of oxygen on the nucleation and

growth of graphene.
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Figure 7. Optimization steps performed to reduce nucleation density &, according to Table 1.

Grain size and Ap/Ag are also reported.

To investigate electrical properties of the large grains (P5), we fabricated devices with
transmission line method (TLM) geometry, as shown in Figure 8a. Figure 8b shows transfer curve
(Ip-VG) of a representative graphene device. The charge neutral point is shifted to ~ 50 V,
indicating that graphene is highly p-doped. The p-doping behavior of graphene can be caused by
various extrinsic factors, such as residues from the wet-transfer process, charged impurities on the
SiO: substrate, and trapped molecule between graphene channel and substrate %37, The inset
shows linear output curves (/p-Vp) with gate voltage dependence, demonstrating Ohmic contact

between graphene and metal electrodes.
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Figure 8. (a) Optical image of graphene devices with TLM geometry. (b) Transfer curve (/p-Vc)
of a representative graphene device. The inset shows the output curves (/p-Vp) at different gate

voltages. (c) Histogram of field-effect mobilities measured from eleven graphene devices.

The field-effect mobility (ugg) of graphene was calculated by using the equation,

L dlp
Hpg = Wivl) (d_VG)
where L, W and C; are channel length, width and capacitance of SiO», respectively. As shown in
Figure 8c, the extracted filed-effect mobility ranges from 912 to 1355 ¢m?/Vs. These mobility
values are generally lower than those reported for continuous, monolayer graphene grown on Cu
(not pre-oxidized) by methane-CVD 3!°8, but are comparable to >* or higher than the values of
polycrystalline graphene films grown on Cu (not pre-oxidized) by alcohol-type precursors *°. In
the case of isolated grains (transferred onto Si/Si02), to date a few works reported higher mobility
values for methane-CVD growth 1466062 byt no one ever disclosed mobility values of ethanol-
grown grains 276, We further calculated sheet resistances (Rsh) of the graphene grains at Vg = 0
V (no electrical doping): The best samples attained a sheet resistance of 550-610 €/, highlighting

the potential of ethanol-grown graphene as a transparent conducting material.

17



18



Conclusion

We demonstrated the growth of sub-mm, highly crystalline monolayer graphene grains by CVD
of ethanol on flat Cu foils, without the need of using Cu enclosures or other artifices to limit the
nucleation density. Our study systematically explored the ethanol-CVD parameters to afford the
growth of graphene on flat Cu foils with full control over nucleation rate, grain size and
crystallinity. Without Cu pre-oxidation, the high nucleation density granted by ethanol-CVD
prevented the growth of grains larger than 1-3 um. By using Cu pre-oxidation, we optimized the
growth process by tuning the CVD parameters. A combination of Cu pre-oxidation, quick Ar
annealing (1 min, pre-growth) and low ethanol flow rate (1.5%10- sccm) are the key to the growth
of isolated large graphene grains on plain Cu with size in excess of 300 pum. When used in field-
effect transistors, these large grains attained field-effect mobility up to 1355 cm?/Vs. With these
optimized CVD conditions, a few nucleation sites were formed and the carbon atoms dissociated
from ethanol were preferentially incorporated into the growing nuclei instead of further
contributing to the nucleation. With these conditions, the growth process could be extended to 60
min to increase the grain size while retaining a low nucleation density. Overall, the growth of sub-
mm single-crystal grains with low defects on flat Cu surfaces is very significant for technologic
applications. Having a reproducible production method, these crystalline grains can be made in
large numbers to be used as building blocks for electronic devices. Further, crystalline grains as
such could serve as seeds for the formation of continuous large-area, single-crystal graphene films,

which are actively sought after in the materials community.
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