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Graphene can be synthesized by chemical vapor 
deposition (CVD) on diverse metal catalysts such as Ir 
[1], Ni [2], Ru [3], Fe [4], and Cu [5–8]. Among them, 
Cu has been regarded as the most promising catalytic 
substrate owing to its lower cost and suitable carbon 
solubility that suppresses the growth of multilayers 
[9]. However, the electrical properties of the CVD-
grown graphene are not as good as those of exfoliated 
graphene because of its polycrystallinity and grain 

boundary originated from the randomly oriented 
nucleation and growth of graphene islands [10, 11]. 
It was reported that the Cu (1 1 1) surface showing 
only 3–4% lattice mismatch with graphene decreases 
the defect density of graphene, and thus, enhances the 
electrical property [12]. The Cu (1 1 1) substrates were 
typically obtained by the deposition and annealing of 
thin Cu films on sapphire or SiO2 wafers with limited 
size and cost [13–15]. The annealing of polycrystalline 

I Jo et al

024002

2D MATER.

© 2018 IOP Publishing Ltd

5

2D Mater.

2DM

2053-1583

10.1088/2053-1583/aaa7b8

2

1

7

2D Materials

IOP

1

February

2018

Tension-controlled single-crystallization of copper foils  
for roll-to-roll synthesis of high-quality graphene films

Insu Jo1,9, Subeom Park1,9, Dongjin Kim2, Jin San Moon3, Won Bae Park3, Tae Hyeong Kim3, Jin Hyoun Kang4, 
Wonbae Lee5, Youngsoo Kim5, Dong Nyung Lee6, Sung-Pyo Cho7, Hyunchul Choi8, Inbyeong Kang8, 
Jong Hyun Park8, Jeong Soo Lee3 and Byung Hee Hong1,2,5

1	 Advanced Institute of Convergence Technology and Department of Chemistry, Graphene Research Center, Seoul National University, 
Seoul 08826, Republic of Korea

2	 Program in Nano Science and Technology, Graduate School of Convergence Science and Technology, Seoul National University, Seoul 
08826, Republic of Korea

3	 Advanced Materials Team, Materials and Production Engineering Research Institute, LG Electronics, Seoul 06763, Republic of Korea
4	 Department of Physics and Astronomy, Institute of Applied Physics, Seoul National University, Seoul 08826, Republic of Korea
5	 Graphene Square Inc., Inter-University Semiconductor Research Center, Seoul National University, Seoul 08826, Republic of Korea
6	 Department of Materials Science and Engineering, Seoul National University, Seoul 08826, Republic of Korea
7	 National Center for Inter-University Research Facilities, Seoul National University, Seoul 08826, Republic of Korea
8	 LG Display, Paju-Si, Gyeonggi-Do, 10485, Republic of Korea
9	 These authors contributed equally to this work.

E-mail: byunghee@snu.ac.kr, jeongsoo.lee@lge.com and jhparkjh@lgdisplay.com

Keywords: tension, single-crystal, high-quality, graphene

Abstract
It has been known that the crystalline orientation of Cu substrates plays a crucial role in chemical 
vapor deposition (CVD) synthesis of high-quality graphene. In particular, Cu (1 1 1) surface showing 
the minimum lattice mismatch with graphene is expected to provide an ideal catalytic reactivity 
that can minimize the formation of defects, which also induces larger single-crystalline domain 
sizes of graphene. Usually, the Cu (1 1 1) substrates can be epitaxially grown on single-crystalline 
inorganic substrates or can be recrystallized by annealing for more than 12 h, which limits the cost 
and time-effective synthesis of graphene. Here, we demonstrate a new method to optimize the 
crystalline orientations of vertically suspended Cu foils by tension control during graphene growth, 
resulting in large-area recrystallization into Cu (1 1 1) surface as the applied tension activates the 
grain boundary energy of Cu and promotes its abnormal grain growth to single crystals. In addition, 
we found a clue that the formation of graphene cooperatively assists the recrystallization into Cu 
(1 1 1) by minimizing the surface energy of Cu. The domain sizes and charge carrier mobility of 
graphene grown on the single-crystalline Cu (1 1 1) are 5 times and ~50% increased, respectively, 
in comparison with those of graphene from Cu (1 0 0), indicating that the less lattice mismatch and 
the lower interaction energy between Cu (1 1 1) and graphene allows the growth of larger single-
crystalline graphene with higher charge carrier mobility. Thus, we believe that our finding provides 
a crucial idea to design a roll-to-roll (R2R) graphene synthesis system where the tension control is 
inevitably involved, which would be of great importance for the continuous production of high-
quality graphene in the future.
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Cu foils can induce the recrystallization into Cu (1 1 1), 
but it usually takes more than 12 h [16]. On the other 
hand, conventional thin copper foils are known to 
show Cu (1 0 0) orientation dominantly after the CVD 
synthesis that is typically 1–2 h long [17, 18].

The grain boundary energy is closely related to 
abnormal grain growth (AGG) in various metals 
[19–24], which can be controlled by mechanical ten-
sion. This tension-controlled recrystallization condi-
tion can be created by vertically suspending Cu foils 
with variable tension during the CVD synthesis of gra-
phene. The vertical tension at ~970 °C promotes the 
dynamic recrystallization into small grains first and 
then induces secondary recrystallization into larger 

grains other than Cu (1 0 0), which is common orien-
tation for cold rolled Cu foils [16]. Thus, we tried to 
optimize the vertical tension on the suspended Cu foils 
to find the recrystallization condition for Cu (1 1 1), 
and characterized the results after annealing only 
and after graphene synthesis by Raman spectroscopy, 
transmission electron microscopy (TEM), electron 
back-scattered diffraction (EBSD), x-ray diffraction 
(XRD), electron transport measurements, etc.

Figure 1 shows the photographs and illustrations 
of a horizontal–vertical switchable CVD setup with an 
8 inch quartz tube, which provides an identical growth 
conditions except the vertical tension by gravitation or 
additional weights applied to Cu foils. Graphene was 

Figure 1.  (a)–(c) Photographs of a horizontal–vertical switchable CVD system and a holding jig. (d) and (e) Schematic illustrations 
of horizontally and vertically loaded Cu foils without additional tension, respectively. (f) A schematic illustration of a vertically 
loaded Cu foil with tension applied by a weight. (g) An illustration of the in situ switchable horizontal–vertical CVD system, which 
provides identical growth conditions except the vertical tension by gravitation or additional weights applied to Cu foils.
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synthesized using a 10 cm wide, 30 cm long, and 35 µm 
thick polycrystalline Cu foil (99.7%) as a catalytic sub-
strate with flowing 50 sccm H2 for 1 h at 970 °C under a 
pressure of 3.8  ×  10−1 Torr. Next, methane was intro-
duced into the chamber at a flow rate of 50 sccm with 
maintaining the chamber pressure at 8.8  ×  10−1 Torr 
during the growth for 30 min. Finally, the furnace was 
slowly cooled down to room temperature with flow-
ing H2 only. For the vertical synthesis, the upper edge 
of the Cu foil was fixed at the holding jig (figure 1(c)) 
and suspended as shown in figures 1(c) and (e). The 
vertical tension was applied by attaching additional 
weight along the other edge (figure 1(f)), which were 
compared with the results from the horizontal growth 
setup (figure 1(d)).

Figures 2(a) and (b) show the EBSD analyses of the 
Cu foils annealed at 970 °C and the graphene-grown 
Cu foils that are horizontally and vertically loaded in a 
growth chamber, indicating that the crystallinity of Cu 
is relatively uncontrollable and small. It is well known 
that a cold rolled Cu foil usually shows (1 0 0) orienta-
tion, following the strain energy release maximiza-
tion theory [18]. On the other hand, figure 2(c) shows 
the case of the vertically loaded Cu foils with tension 
induced by adding a weight at the Cu foil, exhibiting 
that the crystalline orientation of Cu can be controlled 
in large scale. The average grain sizes of the graphene-

grown Cu are increased from 87.1 µm to ~2000 µm 
after applying the tension, which is expected to corre-
late with the crystalline sizes of graphene. Figure 2(d) 
shows the XRD patterns of the Cu corresponding to 
figures 2(a)–(c), indicating that the vertically loaded Cu 
with tension before graphene growth shows the mix-
ture of (1 1 1) and (1 0 0) orientations, while the hori-
zontally loaded Cu foils still exhibit (1 0 0) dominant 
orientation. This implies that higher mobility of (1 1 1) 
tilt grain boundaries than those of (1 0 0) tends to pro-
mote the partial AGG into (1 1 1) during the annealing 
process [25, 26]. This AGG can be promoted by apply-
ing mechanical tensions on Cu, which has been used to 
large scale growth of single-crystalline metals [27], but 
the annealed-only Cu foils do not show perfect a single 
crystalline surface with low index facets even with the 
tension applied by 30 times weight of Cu.

It is surprising that the growth of graphene dra-
matically catalyzes the recrystallization into (1 1 1) 
dominant surfaces as shown in figure  3. When the 
weight was increased and annealing was carried out, it 
was confirmed that the crystal had a near (1 1 1) when 
75 kN mm−2 was added (figure 3(a)). However, when 
graphene was synthesized, a Cu(1 1 1) crystal plane was 
obtained at a smaller size of 25 kN mm−2 (figure 3(b)). 
The reason for this phenomenon is thought to that 
the formed graphene interacts with the crystal plane 

Figure 2.  (a)–(c) EBSD images of annealed and graphene-grown Cu surface with horizontal/vertical geometry with/without 
tension control. (d) XRD spectra of annealed and graphene-grown Cu surface with and without tension control. The 2θ measured 
from 30° to 80° shows the three intense peaks at 43°, 50°, and 74°, which are assigned to Bragg reflections from the surface of Cu 
(1 1 1), (1 0 0), and (1 1 0), respectively.

2D Mater. 5 (2018) 024002
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change to (1 1 1). The EBSD image of the graphene 
island after 1 min growth on the vertically loaded Cu 
with controlled tension clearly shows that the crys-
talline orientation of the graphene-covered region 
begins to change (figures 3(c) and (d)), while the bare 
Cu surface still maintains the (1 0 0) orientation. We 
suppose that the hexagonal lattice of graphene with a 
better match with Cu (1 1 1) surface than (1 0 0) results 
in less surface energy at the interface, promoting the 
crystallization into (1 1 1) cooperatively with the 
applied tension. Thus, the graphene-grown Cu sur-
face with vertical tension exhibit almost (1 1 1) single-
crystalline orientation at large scale as evidenced by the 
EBSD and XRD results in figures 2(c) and (d).

However, when strong tension is applied, the Cu 
(1 1 1) disappears and other mixed crystal planes 
appear. It has been known that the Cu texture forma-
tion is related to elastic strain energy minimization, 
surface energy minimization, and plastic deforma-
tion. We suppose that the strong tension applied to the 
Cu predominantly induces the plastic deformation, 
resulting in the formation of mixed crystal domains 
rather than a single crystal [25, 26].

It has been reported the crystallographic orienta-
tions of the catalytic substrates affect the quality as well 

as the growth rate of graphene film [28, 29], which is 
also possibly related to larger domain sizes of the gra-
phene as the growth on Cu (1 1 1) minimizes misalign-
ment between growing graphene islands. Thus, we car-
ried out the grain boundary analyses of graphene by 
scanning diffraction mapping in TEM as shown in fig-
ures 4(a)–(c) after transferring the graphene prepared 
by a direct transfer method [30]. Multiple selected area 
electron diffractions (SAEDs) are collected as we scan 
the beam spots, and the positions that show the rota-
tion of the SAEDs are marked with dots on bright-field 
TEM images. By repeating this process, it is possible to 
map the grain boundaries of graphene at much larger 
scale than the case of using a dark-field TEM method 
[10, 31]. The histograms in figures 4(a)–(c) indicate 
that the mean grain sizes are 4.24  ±  3.21, 3.41  ±  2.60, 
and 22.41  ±  15.62 µm2 for the horizontal, vertical, 
and vertical Cu with tension, respectively. The result 
implies that there is strong correlation between the 
grain size of graphene and the crystalline orientation 
of the underlying Cu substrates, and the dynamic grain 
evolution can be less hindered when the growing gra-
phene is interfaced with Cu (1 1 1) surface [32, 33].

The Raman analyses in figure  4(d) show that 
the 2D FWHM values are 36.8  ±  3.1, 42.4  ±  2.1, 

Figure 3.  EBSD images of (a) annealed- and (b) graphene grown- Cu foils on a vertically loaded with increasing tension (scale bars, 
300 µm). (c) and (d) SEM and EBSD images of graphene islands of Cu, indicating that the recrystallization of Cu surface can be 
promoted by graphene in the case of tension-controlled growth.

2D Mater. 5 (2018) 024002
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and 32.1  ±  2.7 cm−1, and the I(2D)/I(G) ratios are 
3.1  ±  0.2, 2.0  ±  0.3, and 3.4  ±  0.1 for the graphene 
synthesized from the horizontal, vertical, and verti-
cal Cu with tension, respectively. This indicates that 
the graphene grown on the vertically loaded Cu with 
tension shows the highest quality and lower dop-
ing due to the lower density of graphene boundaries 
[34]. The electrical properties of graphene was char-
acterized by fabricating and measuring back-gated 
field-effect-transistors (FETs), where the charge car-
rier mobility can be determined by calculated by the 
following equation in the linear regime [35]:

ID =
WCi

L
VDµ(VG − VT)� (1)

where Ci  =  1.08  ×  10−8 F cm−2, VD  =  0.01 V, W  =  230 
µm, and L  =  180 µm. The room-temperature 
FET mobilities are 4376  ±  334, 2044  ±  531, and 
6913  ±  207 cm 2 V−1 s−1 for the graphene synthesized 
from the horizontal, vertical, and vertical Cu with 

tension, respectively. Thus, we conclude that the 
(1 1 1) dominant Cu surface promotes the larger grain 
growth of graphene, leading to the enhanced electrical 
properties of graphene [36, 37].

Finally, the tension-control on the vertically loaded 
Cu foil has been applied to a roll-to-roll CVD system 
as shown in figure 5. The tension between the upper 
winding roll and lower unwinding roll was precisely 
controlled with the optimum value found in fig-
ure 3 (~25 kN mm−2). The synthesis rate is as high as 
300 mm min−1 for the stable synthesis of a 70 m long 
Cu foil, and temperature and gas flow ratios are the 
same as figure 1. The resulting graphene exhibits out-
standing characteristics comparable to the graphene 
synthesized in the vertical CVD system, which needs to 
be further optimized through following studies.

In conclusion, we demonstrate a new method to 
optimize the crystalline orientations of vertically sus-
pended Cu foils by tension control, resulting in large-
area recrystallization into Cu (1 1 1) surface as the 

Figure 4.  (a)–(c) Grain boundary analyses of graphene by scanning diffraction mapping in TEM, indicating that the graphene from 
vertically loaded Cu with tension (c) shows the larger domain sizes than the cases of the horizontally loaded Cu (a) and the vertically 
loaded Cu without additional tension (b). (d) FWHM(2D) and I(2D)/I(G) values for the Raman spectra (excitation l  =  514 nm) of 
the horizontal, vertical, and vertical Cu with tension, corresponding to figures 1(d) and (e), respectively). Raman spectroscopy was 
performed using a 514 nm laser (e) field-effect transistor (FET) characteristics of graphene grown on the horizontal (red), vertical 
(green), and vertical Cu with tension (blue), showing the highest conductance and carrier mobility of the graphene grown on Cu 
with vertical tension.

2D Mater. 5 (2018) 024002
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applied tension activates the grain boundary energy 
of Cu and promotes its AGG to single crystals as evi-
denced by SEM, EBSD and XRD analyses. In addition, 
we found a clue that the formation of graphene coop-
eratively assists the recrystallization into Cu (1 1 1) by 
minimizing the surface energy of Cu at the interface 
with graphene [38]. The domain sizes and electrical 
properties of graphene grown on the single-crystalline 
Cu (1 1 1) are compared with those of graphene from 
Cu (1 0 0), the mean graphene grain size of graphene 
grown on tension-controlled Cu foil (22.41 µm2) is 
~5 times larger than that from the horizontal furnace 
(4.24 µm2), and the charge carrier mobility is meas-
ured to be enhanced by ~50%. This implies that the 
less lattice mismatch and the lower interaction energy 
between Cu (1 1 1) and graphene allows the growth of 
larger single-crystalline graphene with higher elec-
trical quality. We believe that our finding provides a 
crucial idea to design a system for the CVD growth of 
high-quality graphene films on rolled Cu foils, where 
the tension control is inevitably involved, which would 
be of great importance for the continuous mass-pro-
duction of graphene films for practical applications in 

the future [39–45].
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