Nanoscale

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Nanoscale

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cuzmsmv

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/nanoscale


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 22 Nanoscale

Significant enhancement of the electrical transport properties of
graphene films by controlling the surface roughness of Cu foils
before and during chemical vapor deposition.

Dongmok Lee,™® Gi Duk Kwon,” Jung Ho Kim,* Eric Moyen,” Young Hee Lee,*™ Seunghyun Baik**
and Didier Pribat.*"

 Center for Integrated Nanostructure Physics, Institute for Basic Science (IBS), Suwon 440-746, Republic of Korea.

b Department of Energy Science, Sungkyunkwan University, Suwon 440-746, Republic of Korea.

¢ Department of Physics, Sungkyunkwan University, Suwon 440-746, Republic of Korea.

4 School of Mechanical Engineering and Samsung-SKKU Graphene Center (SSGC), Sungkyunkwan University, Suwon 440-746, Republic of Korea.

Corresponding Authors

* Prof. D. Pribat, didier53@skku.edu
* Prof. S. Baik, sbaik@me.skku.ac.kr

Keywords: Graphene, Copper Substrates, Electropolishing, Surface roughness, Chemical Vapor Deposition.

ABSTRACT

We have studied the influence of the surface roughness of copper foils on the sheet resistance of gra-
phene sheets grown by chemical vapor deposition. The surface roughness of the copper foils was re-
producibly controlled by electropolishing. We have found that the graphene sheet resistance monoton-
ically decreases as the surface roughness of the copper foils decreases. We show that a pre-annealing
treatment combined with an optimized electropolishing process of the Cu foils and a fast CVD growth
prevents the evolution of the Cu surface roughness during graphene synthesis. This combination of fab-
rication conditions produces small grain polycrystalline graphene films with a sheet resistance of 210 Q

o™ and carrier mobility values as high as 5450 cm”V™'s™ after transfer onto SiO,/Si.

INTRODUCTION

After the successful mechanical exfoliation of graphene from highly oriented pyrolytic graphite in
2004,' scalable production methods have been actively investigated. In particular, chemical vapor dep-
osition (CVD) on certain metal catalyst films/foils has been - and still is - considered as a powerful

method for large area graphene synthesis.”” Among various metal catalysts, copper (Cu) can grow
1
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monolayer graphene due to its low carbon solubility™® which induces a self-limiting growth mecha-
nism.” Because tremendous efforts have been devoted to improve synthesis conditions, including Cu
surface morphology, pre-annealing conditions, growth temperature, feed gas composition, pressure and
time, etc.”'*, some CVD-grown graphene samples can now match the remarkable electrical properties
of exfoliated graphene."> However, as shown by Tsen ef al.,”” the structure of grain boundaries and the
stitching conditions between grains govern the transport properties of graphene. Although scattering by
grain boundaries is the most invoked limitation for carrier mobility values in polycrystalline CVD gra-

1317 additional scattering/limitations due to corrugations,'® ripples and wrinkles'® should also be

phene,
considered whether in CVD or exfoliated graphene.'® Considerations on corrugations, ripples and wrin-
kles are all the more important as graphene is usually transferred onto an oxidized Si wafer after growth.
In other words, assuming that graphene coverage is conformal on the Cu surface, the roughness of the
Cu foil after growth should match inasmuch as possible that of the receiving substrate, unless more
wrinkles/ripples are created after transfer, in order to accommodate the length/surface area difference.”
For instance, the length difference measured along a 50 um-long atomic force microscope (AFM) pro-
file between a raw Nilaco Cu foil (exhibiting a root mean square (RMS) roughness of ~ 78 nm) and an
oxidized Si surface (RMS roughness of ~ 6.82 nm) is ~ 377 nm, ie ~ 7.54 nm/um. Assuming graphene
growth is performed on a raw Nilaco Cu foil, this length difference must be accommodated upon trans-

fer, thus creating extra corrugations and ripples in the graphene film (see Supporting Information Figure

S1).

Here we have systematically investigated the effect of the Cu surface roughness on the electrical quality
of graphene after synthesis and transfer onto SiO,/Si. The idea is to improve the electrical characteris-
tics of graphene by decreasing corrugations, ripples and wrinkles, ie by matching inasmuch as possible
the roughness values of the growth (Cu foil) and receiving (Si/SiO;) substrates. In order to unambigu-
ously prove the deleterious effect of the roughness mismatch between the growth and receiving sub-

strates, we have prepared Cu foils with various roughness values, using a newly developed elevated
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temperature electropolishing method.”' After electropolishing, graphene growth was performed in exact-
ly the same conditions for all samples, so that the only varying parameter in our experiments is the sur-
face roughness value of the Cu foils. Because the graphene grain size (which to a large extent governs

the electrical properties of graphene'>"’

) also changes with the surface roughness of the Cu foils, we
separated the two effects by using some of the results of Ref. 15 (see below). Some samples were also
electropolished after pre-annealing of the Cu substrate at 1050 °C for 30 min, in order to stabilize the Cu
grain structure and prevent further surface modifications during subsequent graphene growth at
1000 °C. We find that the graphene sheet resistance decreases as the roughness of the Cu surface de-
creases. Moreover, pre-annealed and electropolished Cu foils, with a RMS surface roughness in the 10

nm range, produced small-grain polycrystalline graphene exhibiting a low sheet resistance of ~210 Q o

"and an electron mobility as high as ~ 5450 cm? V''s™ after transfer onto SiO,/Si substrates.

Any thin film or epitaxial deposition process first requires a surface preparation step for the substrate
and this holds for graphene as well. Indeed, various polishing/etching methods for Cu foils before gra-
phene growth have already been reported in the literature. The general idea is to remove rolling marks
and surface defects which act as uncontrolled graphene nucleation sites.” For instance, in several recent
reports, electropolishing of the Cu foils is employed,**” but no systematic studies of surface roughness
are performed. In another study, the Cu foils are prepared by chemical-mechanical polishing (CMP),
yielding a clear improvement in the sheet resistance values of graphene after transfer, even though re-
sidual impurities from the CMP slurry still act as uncontrollable graphene nucleation seeds.” In more
recent work, a simple chemical etching in Fe(NO3); was shown to decrease the surface quality of Cu

foils, leaving etch quarries even after annealing at 1025 °C."
RESULTS AND DISCUSSION

Figure 1 shows a schematic of the various paths we have investigated for graphene synthesis using
three different types of Cu substrates. The acronyms of those Cu substrates are summarized in Table 1.

The surface roughness was measured at three different locations for each ~ 1 x 1 cm” specimen, using
3
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tapping mode atomic force microscopy (AFM); the average RMS roughness value is indicated in Figure
1 for each situation. A detailed description of the surface roughness characterization is provided in Fig-
ure 2 and in the Experimental section. As shown in Figure 1a, the typical RMS roughness of a raw
copper foil (RAW, Nilaco, #113321, 99.96% purity, 100 um thickness) was ~ 78 nm. Unless otherwise
mentioned, the overall graphene synthesis process used throughout this study consisted of an annealing
step at 1000 °C for 30 minutes under pure H,, followed by graphene growth also at 1000 °C using a
mixture of CH4 and H, (see Experimental section for details). The surface roughness of raw Cu (RAW)
foils was generally found to decrease after synthesis of graphene (RMS = 58 nm, Figure 1a) because of
surface reorganization due to surface diffusion and evaporation of Cu atoms.”**’ More specifically, sur-
face levelling is provided by the motion of Cu surface steps induced by Cu evaporation during the an-
nealing treatment prior to graphene growth.'**® At this point, it has to be borne in mind that Cu does
evaporate during the high temperature graphene synthesis process and that the surface of the Cu foil (or
film*) evolves continuously not only during the annealing stage but also during the graphene growth
stage, due to the movement of surface steps.”*>° In particular, while step receding and annihilation on
the Cu surface can provide planarization during annealing (see Supporting Information, Figure S2),"
step flow can also be impeded at a further stage of the synthesis process by growing graphene islands,
which create step bunching and hillocks below graphene flakes, thus promoting surface roughening.”*°
Of course, the roughening process stops once the Cu surface is totally covered by graphene. To summa-
rize at this point, the final roughness of the Cu foils is the result of two competing effects depending on
whether the surface steps are mobile or partially blocked, namely (i) surface planarization during an-
nealing and (ii) surface roughening during graphene growth. Note that in the present work, in order to
minimize surface roughening during graphene growth (after the annealing stage), we have used a high
CH4/H; ratio of 10 (see Experimental section) so that we rapidly reach total Cu surface coverage by
graphene. As a consequence, the high supersaturation of the vapor phase induces a high graphene nu-
cleation rate and we grow polycrystalline graphene with a small grain size of 3-4 um (see below, Figure

4 and its comments).
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As shown in Figure 1b, in order to investigate the effect of Cu surface roughness on the electrical
transport properties of graphene, four Cu substrates with different roughness values (RMS = 25, 49, 50
and 100 nm) were prepared by carefully controlling the electropolishing parameters (see Experimental
section and Ref. 21). The original surface roughness could be increased or decreased depending on
those electropolishing parameters (H3;PO,4 concentration, bath temperature, current density) and a de-
tailed description is provided in the Experimental section. For all situations of Figure 1b, the Cu sur-
face roughness was found to be stable or to slightly decrease after graphene synthesis, indicating that
surface roughening due to step bunching during the growth stage was minimized. Figure 1c shows a
different process sequence, where the Cu foils were pre-annealed at 1050 °C during 30 min before elec-
tropolishing, in order to increase the Cu grain size and prevent further temperature-induced grain evolu-
tion during the graphene synthesis at 1000 °C. The enlarged grain size of the polycrystalline Cu sub-
strates after the annealing process at 1050 °C could be observed by electron backscattering diffraction
analysis (see Supporting Information, Figure S3). After pre-annealing and cooling down, the Cu foils
were electropolished and then graphene was synthesized using the normal sequence at 1000 °C. As
shown in Figure 1c, the pre-annealing stage smoothed the Cu surface, and the roughness was further
decreased down to 12 nm (RMS) by electropolishing in optimized conditions.”’ Graphene synthesis
(including the 1000°C, 30 minutes pre-annealing step) did not significantly alter the Cu surface quality
since the roughness after growth was almost unchanged (13 nm). We have also used x-ray diffraction
analysis to track the evolution of the Cu grain orientation in the foils, following the various high tem-
perature annealing/graphene growth treatments. Various spectra are shown in Figure S4 of the Support-
ing Information. The RAW substrate exhibits a slight (100) texture, whereas after a high temperature
bake (whether 1000 or 1050 °C), a strong (111) texture is observed for all samples (Supporting Infor-
mation Figure S4). This means that the substrates on which our graphene films have been grown are

similar, at least on a macroscopic scale.
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As shown in Figure 2a, the final surface roughness of the Cu substrates was measured after peeling-off
the CVD-grown graphene using 3M scotch tape. We removed the graphene films after growth in order
to avoid artifacts in roughness measurements. This final surface roughness value (after graphene growth
and peel-off) was used to designate each specimen in Figures 1 and 3 since we consider it as the most
meaningful value, corresponding to the actual surface on which graphene was grown. Because any
plasma technique (based on O, or H,) can modify the substrate roughness and since the graphene-Cu
interaction is weak, we used a scotch tape to peel-off graphene from the Cu foils after growth. The Ra-
man spectra measured on the Cu substrate indicate that the synthesized graphene was successfully de-
tached by the scotch tape (see Figure 2a and also Supporting Information, Figure S5 for Raman map-
ping over a larger area). The typical G (~1580 cm™) and 2D (~2700 cm™") modes disappeared from the
Cu substrate after the detachment of graphene.”'”* As quoted above, the surface roughness was meas-
ured by AFM at three different locations of the Cu substrates. However, the grain boundaries were
avoided in those AFM characterizations since there was systematically a steep-sided valley-like height
variation which again would have introduced artifacts in roughness measurements as shown in Figure

2b.

Figure 2c compares X-ray photoelectron spectroscopy (XPS) data of RAW samples, EP samples, and
samples kept 8 days in ambient air after electropolishing (those are labelled O-EP). The full-range XPS
spectra are provided in Supporting Information, Figure S6. The native Cu oxide layer (CuO) satellite
peaks were observed on raw Cu (RAW) at higher binding energies than the main Cu2ps;, and Cu2p;p
peaks.*® However, CuO peaks were negligible on EP samples which demonstrates that electropolishing
is very effective in removing the native Cu oxide layer. After 8 days of exposure of the electropolished
Cu substrates to ambient air (O-EP), the overall XPS spectrum was found to be similar to that of raw Cu.
The CuO satellite peaks could be observed again confirming the surface oxidation of those samples.
Figure 2d compares the surface of pre-annealed Cu substrates (at 1050 °C) with and without H, flow

during the rapid cooling process. Surprisingly, the surface roughness of Cu increased significantly when
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the substrates were cooled down under H, flow (30 sccm). We suspect that due to H, adsorbtion and
dissociation on the Cu surface, the released atomic hydrogen then reacts with some remaining Cu sur-
face oxides™ or Cu oxide inclusions. This reaction generates steam (insoluble in Cu) when the tempera-
ture approaches the critical temperature of water, thus producing some kind of surface blistering.* This
results in a large increase in surface roughness as shown in Figure 2d. Therefore, the H, flow was

stopped right before the rapid cooling of the Cu substrate.

The synthesized graphene films on different Cu substrates (RAW, EP and A-EP) were transferred on
glass or Si0; (300nm)/Si substrates for further optical and electrical characterizations (Figure 3). De-
tails concerning the transfer process can be found in Experimental section. As shown in Figure 3a, the
optical transmittance of graphene films on glass substrates was ~ 97.7% at 550 nm indicating successful
synthesis of monolayer graphene. Raman spectra measured on graphene films on SiO,/Si substrates
demonstrated two prominent G and 2D bands (Figure 3b).>'*? The intensity ratio of G-to-2D modes
was less than 0.5 indicating monolayer graphene.” Moreover, the full width at half maximum (FWHM)
of the 2D peak was 34 cm™, 35 cm™ and 32 cm™ for respectively RAW, EP and A-EP samples; these
values are also characteristic of monolayer graphene. The D band (~ 1350 cm™) was negligible, demon-
strating high crystalline quality for all synthesized graphene films. For the EP samples, we did not ob-
serve any significant difference in the optical transmittance and Raman spectra (particularly the D band
intensity) among the samples grown on Cu foils with different surface roughness values. A Raman area
map of the A-EP sample demonstrates a uniform high crystalline quality graphene with small D-to-G

mode intensity ratios (see Supporting Information Figure S7).

Although the transmittance and Raman analysis indicated that good crystalline quality monolayer gra-
phene films were synthesized in all situations, the sheet resistance was strongly dependent on the sur-
face roughness of Cu foils (see Figure 3c). More specifically, the sheet resistance of graphene synthe-
sized on electropolished Cu substrates was found to decrease monotonically as the RMS roughness val-

ue decreased. To the best of our knowledge, this is the first report of a clear correlation between the

7
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surface roughness of Cu foils and the sheet resistance of graphene. Interestingly, the RMS roughness
value of A-EP, which was only 13 nm, produced a minimum graphene sheet resistance of 210 Q o™
Actually, the measured sheet resistance values were found to slightly decrease with time when the sam-
ples were kept in ambient air. This phenomenon is due to charge transfer doping of graphene induced by
the redox reaction of oxygen from air with adsorbed water at the surface of the hydrophilic SiO, dielec-
tric.’® Consequently, in order to get stable sheet resistance values, all measurements were performed
after a 10-day exposure time to ambient air, after which we did not observe any variation in sheet re-
sistance values. The sheet resistance was measured in ambient air environment by a four-point probe in-
line method, and the distance between tungsten probes was 1 mm (see Experimental section for de-

tails).*”®

The sheet resistance was characterized at 3 different locations for each sample, and five hun-
dred measurements were carried out at each location using a delta mode method. The delta mode auto-
matically triggers the current source to alternate the signal polarity followed by voltage reading at each
polarity. This current reversal technique cancels out any constant thermoelectric offsets to measure the

37,38
true voltage values. "

The mean values and standard deviations are shown in Figure 3c and Support-
ing Table S1. This observed sheet resistance is remarkably low considering that there are ~ 280-300
graphene grains (as will be discussed in relation with Figure 4) in series between the two probes. This
observation would tend to confirm that not only grain boundaries, but also surface corrugations, ripples
and wrinkles (which are minimized here due to the low surface roughness of the Cu foil after growth)
strongly affect the electrical properties of graphene. In Figure 3¢, we note the higher sheet resistance
value of the RAW sample (black dot) even though its surface roughness value is comparable to that of
one of the EP samples (~ 60 nm). We attribute this difference to (i) the much smaller grain size (see
Figure 4 and it comments) which will alter the carrier mobility values and (ii) the surface chemical con-
tamination (e.g., Fe from the rolling process) which creates defects during graphene growth, thus again

impairing carrier mobility (see Figure S8 of Supporting Information for optical pictures of the Cu sur-

face before and after electropolishing).
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In order to confirm the sheet resistance values, we have also performed a limited number of experiments

3941 6n ~ 5 x 5 mm? graphene squares transferred on

using the van der Pauw measurement technique
Si/Si0; and fitted with In contacts (see Experimental Section and Supporting Information, Figure S9).
We chose an EP sample with a surface RMS roughness of ~ 30 nm. For this sample, the sheet re-
sistance value measured with the 4-point probe in-line technique was 311.2 Q o', whereas the value

obtained by the van der Pauw method was 310 Q o™, Because the agreement between the two methods

was excellent, we did not pursue the van der Pauw measurements any further.

Actually, as shown in Figure 4, the grain size of graphene films also varies slightly with the roughness
of the Cu foils, so that concerning the improved sheet resistance value of the A-EP sample, it is difficult
to separate the effect due to the decrease in roughness from the effect due to the slight increase in grain
size. We evaluated the sheet resistance (Rs) variation as a function of the average grain size (D), using

the expression derived by Tsen ef al.":

As = pg, (1 +A/0 ), where py, 1s the single domain sheet resistance (without the grain boundary effect)

and A represents the grain boundary connectivity. A depends upon the growth process used for graphene
synthesis (as well as the grain size and grain stitching situation) and in Ref.15, the average values of 4
were ~ 110 nm for a growth type similar to ours (grain size in the 1 pm range, rapid coverage of the Cu
substrate) and ~ 880 nm for a growth type yielding large grains (50 pm and more; long growth duration).
With the grain size values of Figure 4d, (~ 2.8 um for EP and ~ 3.5 um for A-EP) and a A value of 110
nm, we calculate a ratio of Rsgp/Rssep =~ 1.0083, which is much smaller than the actual ratio of
Rsgp/Rs 4. gp = 1.4578 that we measure experimentally (see Supporting Information for the detailed cal-
culation and the exact sheet resistance values — Table S1). The same p, value was assumed for both
samples. So, clearly, the grain size variation alone cannot account for the decrease in sheet resistance
that we measured. We emphasize again that apart from the surface roughness of the Cu foils, all the

other parameters were kept unchanged for the various growth experiments.
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In order to get more insights on the electrical properties of graphene grown on Cu foils first annealed
and then electropolished in optimized conditions (A-EP, see Figure 1c), we performed additional carrier
mobility measurements (in vacuum) using field effect transistor (FET) structures with a channel length
(L) of 26 um and a channel width (W) of 2 um (see Experimental section). The FET structures were
fabricated on a p-type doped silicon substrate (used as back gate) covered with 300 nm of SiO, (gate
dielectric). A typical FET transfer characteristic (Ip-Vg curve) is shown in Figure 3d. Assuming a
MOSFET-like behavior for the graphene 2D carrier gas, we extracted the carrier mobility values from

the Ip-V curve using the following expression™:

= (5) »

where Cg is the capacitance of the 300 nm-thick SiO, dielectric (1.15x10® F cm™) and Vp, is the (con-
stant) drain voltage used in our measurements (10 mV). We have neglected the quantum capacitance of
graphene, since it is in series with the much smaller SiO, capacitance. We find mobility values of 4450
and 5450 cm” V''s™ for respectively holes and electrons. Since the channel length of our transistor is
several times the graphene grain size (see Figure 4 and its comments), the carrier mobility values that
we measure are surprisingly high, bearing in mind the deleterious effect of grain boundaries on electron-
ic transport in graphene.'®'” Actually, those carrier mobility values are comparable to recent values
measured on millimeter-size single crystalline graphene grains also transferred on Si0,.* Again, it
seems that minimizing corrugations, ripples and wrinkles in graphene films (by providing Cu foils with
low surface roughness values as well as roughness stability during graphene growth) is as important as
increasing grain size (ie minimizing the density of grain boundaries) in order to obtain high electrical
quality graphene films. However, we emphasize that due to the high supersaturation of the gas phase,
the graphene growth time used in this work is only ~ 10 minutes, which is much more practical than the

several hours necessary to grow large grains at low supersaturation.'’*

10
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Finally, in order to better characterize and understand the overall properties of our graphene films, we
analyzed the graphene nucleation density and grain growth on various Cu samples. As with previous
works, we stopped the growth before reaching full surface coverage in order to determine the graphene
nucleation density. Figure 4 shows scanning electron microscopy (SEM) images of graphene grains on
different Cu substrates (RAW, EP and A-EP). The dark areas on those SEM pictures indicate graphene
grains and the bright areas correspond to the bare Cu surface. Irregularly shaped graphene grains were
observed in the SEM images of all samples due to the low H, flow rate (2 sccm) used in this work. Hy-
drogen plays an important role in the graphene growth with methane because it controls the shape and
size of growing grains by etching away weak carbon-carbon bonds. Our observations are consistent
with those of Vlassiouk et al. who reported that a low hydrogen pressure caused irregularly-shaped gra-
phene grains."> In contrast, a high hydrogen pressure resulted in hexagon-shaped compact graphene

grains.

Graphene grains on RAW samples exhibit a straight line pattern which is related to preferential nuclea-
tion on the rolling marks of the raw Cu substrates as already discussed by Han et al.” Moreover, as
summarized in Figure 4d, the nucleation density is very high on those RAW samples resulting in a
small grain size (typically below 1 um). We considered each graphene flake on the Cu surface as a sin-
gle crystalline grain whose final size was estimated by measuring the distances between centers of near-
est-neighbor grains; the average distance was considered as the average graphene grain size. The
straight line pattern of graphene grains disappears on EP and A-EP samples since the original rolling
marks were removed by electropolishing as shown in Figures 4b and c, respectively. The graphene
flakes appear relatively homogeneous in size on EP and A-EP samples. The average grain size for all

samples is summarized on Figure 4d.

11
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CONLUSION

In conclusion, we have presented a clear correlation between the electrical properties of polycrystalline
graphene films and the surface roughness values of the Cu foils. When Cu foils are stabilized by a pre-
annealing treatment before electropolishing, their surface roughness does not significantly vary during
graphene synthesis. In such conditions, excellent polycrystalline graphene films can be synthesized in a

short time.
EXPERIMENTAL SECTION

Surface preparation of Cu substrates: Throughout this study, we used Nilaco Cu foils with a purity of
99.96%. The surface roughness of the Cu substrates was controlled by electropolishing.*' For roughness
values below 50 nm (unless specified, all RMS roughness values were measured on 50 pm x 50 pm
surface areas) we have used a current density of 380 mA cm™ in 2.17 M H;PO, electrolytes (with an
ethylene glycol additive) at temperatures of 35, 40 and 65 °C, resulting in RMS roughness values of 50,
49 and 25 nm, respectively. For RMS roughness values above 50 nm, we have used a current density of
100 mA cm™ in 7.59 M H;3PO, electrolytes (still with an ethylene glycol additive) at temperatures of 55,
65 and 75 °C, all resulting in RMS roughness values of ~ 100 nm. The electropolishing time was 5
minutes for all situations. The surface of Cu foils was etched away during electropolishing®' which also
removes possible surface contaminants. The optical images of a Cu foil before and after electropolishing

are provided in Supporting Figure S8.

For the pre-annealing process, raw Cu substrates were heated to 1050 °C at a heating rate of 17.5 °C
min” under a H, flow of 30 sccm in a 2 inch-diameter quartz tube which was pumped down to ~ 0.1
Torr. The temperature was maintained at 1050 °C for 30 min under the H, flow. Finally, the H, flow

was stopped, and the Cu substrates were rapidly cooled down to room temperature.

Synthesis and transfer of graphene: Graphene was synthesized in a 2 inch quartz tube which was evac-

uated by a rotary pump. Firstly, Cu substrates were heated to 1000 °C at a heating rate of 16.25 °C min™

12
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under H» flow of 30 sccm. The pressure inside the tube was regulated at ~ 0.1 Torr. The temperature
was maintained at 1000 °C for 30 min under the identical H, flow rate and pressure. In the next step, H»
(2 sccm) and CHy4 (20 sccm) were supplied at 1000 °C for 10 min to synthesize graphene. The pressure
slightly increased to 0.15 Torr during graphene growth. Finally, the Cu substrates were rapidly cooled to
room temperature without any gas flow by moving the furnace out of the growth region.”’” The synthe-
sized graphene films were transferred onto glass or SiO; (300 nm)/Si substrates following a protocol
published previously.™'® A thin layer of PMMA dissolved in chlorobenzene (Sigma-Aldrich,
No.182265, 46 mg mL™) was first spin-coated on top of the graphene/Cu substrate, followed by drying
at room temperature. The graphene grown on the rear side of the Cu substrate was then removed by O,
plasma. In the next step, the Cu substrate was etched using an FeCls-based Cu etchant (Transgene, CE-
100) for 1 hr.” The PMMA/graphene layer was rinsed using DI water for 2 hrs. The PMMA/graphene
layer was also treated with 0.5M HCI solution to remove the iron nanoparticle residues, followed by
rinsing with DI water for 2 hrs (see Supporting Information, Figure S10).'"° Finally, the
PMMA/Graphene layer was transferred onto the glass or SiO, (300 nm)/Si substrate. The PMMA layer
was removed using acetone for lhr. The specimens were also annealed at 500 °C for 1hr under flowing

Ar (100 sccm) and H; (30scecm) in a 2 inch quartz tube to further remove the PMMA residues.

Characterizations: The surface roughness of Cu substrates was characterized by AFM (Veeco, di-
INNOVA 840-012-711). The surface composition of Cu substrates was investigated by XPS (ESCA
2000, Al Ka X-ray). The transmittance of graphene on glass substrates was measured using an ultravio-
let-visible spectrometer (Agilent 8453). The x-ray diffraction (x-rd) spectra were obtained on a Rigaku
x-ray Diffractometer (Rigaku Smart Lab) with Cu Ko radiation (A=1.54056 A) at 45kV and 200mA.

The recorded x-rd spectra match the JCPDS pattern of Cu (04-0836).

Scanning electron microscopy observations were performed on a JEOL JSM7500F equipment. Raman
spectra were acquired at an excitation wavelength of 532 nm (Renishaw, RM1000 microprobe). The

resistance of graphene was measured in ambient air environment by a four-point probe in-line method

13
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3738 The distance between

with a current source (Keithley 6221) and a nanovoltmeter (Keithely 2182A).
tungsten probes was 1 mm. For the van der Pauw measurements in ambient air environment, we used a
Keithley 2000 multimeter. The four probes were located on the corners of a square-shaped graphene
sample (~ 5 mm x S5Smm) and high purity indium (Sigma-Aldrich, No.264075, purity 99.99%) was used

as contact between the graphene sheet and the four probes. Details concerning the calculation of the

sheet resistance are given in the Supporting Information (see Supporting Information, Figure S9).

The mobility was characterized using graphene field-effect transistors. The graphene was transferred on
Si0; (300 nm)/Si substrates after etching the copper substrate using ammonium peroxydisulfate solution
(Alfa Aesar 54106, 98.0 %, 0.5 M). The active channel region was defined via standard e-beam lithog-
raphy and oxygen plasma etching (480 mTorr, 20W, 10s). Metal electrodes were also patterned by e-
beam lithography followed by Cr/Au (5 nm/50 nm) deposition by e-beam evaporation (10 Torr). After
the lift-off process, the devices were carefully rinsed using acetone and IPA followed by annealing in
vacuum (10 Torr) under N, (100 scem) at 200 °C. This annealing process removes adsorbates on the
graphene surface, and improves contact adhesion between graphene and metal. After cooling to room
temperature, [-V measurements were performed using a Keithley 4200 probe station under vacuum (5.5

x 10 Torr).
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Figure 1. A quick overview of the various paths studied for graphene synthesis. Three different types of copper substrates were prepared.
Representative AFM images and RMS values are shown at each step of the process sequence. (a) Graphene was synthesized on a raw
copper substrate (RAW). (b) The raw copper substrates were firstly electropolished and then used for graphene synthesis (EP). The elec-
tropolishing conditions were controlled to prepare copper substrates with four different surface roughness values. (¢) The raw copper sub-

strate was firstly pre-annealed at 1050°C for 30 min followed by electropolishing and then synthesis of graphene (A-EP).
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Acronym

RAW Raw copper substrate.

EP Electropolished copper substrate.

A-EP The raw copper substrate was firstly annealed at 1050°C for 30min followed by electropolishing.

Table 1. Acronyms of copper substrates.
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Figure 2. Characterization of copper substrates. (a) Raman spectra of the copper substrate before and after detaching graphene using 3M
scotch tape. The final surface roughness of the copper substrate was characterized after detaching the synthesized graphene. The inset
shows the detachment process. (b) Optical and AFM images of a copper substrate after graphene synthesis and removal. The surface
roughness was characterized within a copper grain since there was a large height variation at the grain boundary. The surface roughness
values measured at 3 different locations were averaged to obtain RMS values. (¢) The Cu2p XPS spectra of RAW, EP, and O-EP samples;
the latter were obtained by just exposing EP samples to ambiant air for 10 days. (d) Optical images of pre-annealed copper substrates

(1050 °C, 30 min) with and without H, (30 sccm) flow during the cooling process.
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Figure 3. Characterization of graphene synthesized using different copper substrates. (a) Optical transmittance. An optical image of a

graphene sheet (1.5x1.5 cm?) transferred on a glass substrate is shown in the inset with the letters ‘SKKU’ placed below the glass sub-

strate. (b) Raman spectra of graphene sheets transferred on SiO, (300 nm)/Si substrates. The excitation wavelength was 532 nm. (c) Sheet

resistance of graphene on SiO,/Si substrates as a function of the surface roughness (RMS) of the Cu foil on which the graphene was grown.

See Supporting Information Table S1 for the standard deviation values. (d) The transfer characteristic (Ip-Vg) curve for a field effect tran-

sistor fabricated in a graphene sheet grown on A-EP substrate and transferred on a SiO, (300 nm)/Si substrate. The inset shows an optical

image of the A-EP field effect transistor.

21



Nanoscale Page 22 of 22

d

E

(&)

=

5

o -3
L 10« E
> ] =
‘® i -2 &
& L
froign £
g 15
© ]

2 r

) ; -0
=}

2106 T

RAW (58nm) EP (25nm)  A-EP (13nm)

Figure 4. Grain size and nucleation density analysis. (a-¢) SEM images of graphene synthesized on respectively RAW (58 nm), EP (25 nm)
and A-EP (13 nm) Cu foils. The synthesis conditions were identical for all samples (CH,4:20 sccm, H,:2 sccm, growth time:10 seconds).
(d) The grain size was estimated using the average distance between the center of nucleation sites. The corresponding RMS roughness of

Cu foils is shown in parenthesis.
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