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A B S T R A C T   

Grains of a polycrystalline Cu foil (CF) can be recrystallized into Cu(100) or Cu(111) by adequate thermal 
annealing near the surface melting temperature. However, the thermally driven recrystallization mechanism of 
CF remains elusive, which is connected to the uncontrollability of the orientation of recrystallized Cu surface. In 
this study, we ascertained that the unintentional presence of oxygen in CF grains acts a crucial role in deter-
mining the crystal orientation of CF. Comprehensive spectroscopic analysis coupled with density functional 
theory calculation was implemented to explore the correlation between the surface phase transition and the 
oxygen content of the surface of CFs. After annealing, oxygen-free Cu grains were explicitly recrystallized in the 
(111) crystal plane by minimizing their surface energy, whereas oxygen-contained Cu grains were recrystallized 
in the (100) orientation due to the elastic strain energy induced by oxygen. Notably, we arguably accomplished 
the recrystallized CF with (111) crystal plane can be transformed into a single crystal (111) CF by utilizing 
rationally designed cyclic heat treatment (CHT), however Cu(100) grains were not merged into a single crystal 
(100) CF presumably due to the presence of residual oxygen. We accomplished the synthesis of defect-less, 
continuous monolayer graphene on a single crystal (111) CF.   

1. Introduction 

A single-crystal Cu foil (CF) enables the epitaxial synthesis of a large- 
area high-quality graphene film without structural imperfection or grain 
boundaries (GBs) by chemical vapor deposition (CVD) because Cu(111) 
planes allow a small lattice mismatch with graphene of less than 4%. 
Hence, a single-crystal CF with (111) crystal plane is highly demanded 
for the growth of a large-area single-crystalline graphene film [1–3]. 
Unfortunately, a single-crystal Cu grown by conventional methods, such 
as the Czochralski and Bridgman methods, has been inevitably accom-
panied by a lack of large-area compatibility and production cost- 
effectiveness. As alternative approaches for obtaining large-area sin-
gle-crystal CFs from commercially available polycrystalline CFs, thermal 
annealing methods have attracted a great deal of attention [4–8]. Thus 
far, diverse strategies involving chemical mechanical polishing, 

annealing, surface energy minimization, oxygen adsorption, surface 
oxidation, and capping layers have been implemented for the recrys-
tallization of CFs [7–14]. Owing to the lack of in-depth studies, however, 
the universal mechanism for the recrystallization of CF remain elusive. 
In this study, we unprecedentedly explored the recrystallization process 
for Cu grains in a specific direction, in which the structural transition of 
Cu grains was mainly mediated by the oxygen content of the surface of 
Cu. Based on an in-depth exploration of the recrystallization phenom-
enon for oxygen-free CF, we ascertained thermally driven recrystalli-
zation in the (111) direction of CF grains induced by the surface phase 
transition to minimize the surface energy [9–11]. Additionally, we 
devised cyclic heat treatment (CHT) enabling that small grains with the 
(111) orientation merge into one huge grain, ultimately becoming a 
single crystal. 
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2. Experimental and computational details 

2.1. Preparation of CF recrystallized in preferential orientation 

We examined the crystal structure of commercially available 25 μm- 
thick-CFs (CF1: 99.9%, Alpha Aesar, CF2: 99.999%, Alpha Aesar, CF3: 
99.9%, oxygen-free SH copper product, Hitachi Metals, CF4: 99.9%, 
electrolytic tough pitch SH copper product, Hitachi Metals). The 
recrystallization procedure of CFs in preferential orientation was 
implemented by a conventional 1-inch tube furnace (Thermo Fisher 
Scientific, Lindberg Blue M HTF55322A, USA) with 225 sccm H2 at 
1050 ◦C for 2 h. The structural characterization was performed by XRD 
(MiniFlex600, Rigaku, Japan), TOF-SIMS (TOF-SIMS-5, IONTOF, Ger-
many), and EBSD (JSM7000F, JEOL, Japan). 

2.2. Synthesis of graphene on CFs 

Graphene was synthesized by TCVD. The CF substrates were heated 
to 1050 ◦C inside the TCVD chamber with introducing CH4 (0.32 and 1.5 
sccm), H2 (4 sccm), and Ar (40 sccm) under the pressure of ~550 Torr 
for 60 min, in which graphene coverage on CFs was precisely manipu-
lated by regulating CH4 flow rate. 

2.3. Computational details 

To investigate the oxygen effect on the structural stability of Cu 
surfaces and the role of CHT in the formation of one huge grain, we 
performed first-principles density functional theory (DFT) [15] calcu-
lations as implemented in Vienna ab initio simulation package (VASP) 
[16,17] and DFT-based Monte Carlo (MC) simulations. The electronic 
wavefunctions were expanded by plane-wave basis with a kinetic energy 
cutoff of 450 eV. We employed the projector-augmented wave pseudo-
potentials [18,19] to describe the valence electrons, and treated 
exchange–correlation (XC) functional within the generalized gradient 
approximation of Perdew-Burke-Ernzerhof (PBE) [20]. Atomic relaxa-
tion was performed until the Helmann-Feynman force acting on every 
atom became lower than 0.01 eV/Å., resulting in the equilibrium lattice 
constant of the bulk face-centered cubic structure to be 3.63 Å. We 
constructed various slab configurations composed of 72 or 108 Cu atoms 
distributed on 6 layers along either the [111] or [100] direction with a 
vacuum spacing of 20 Å along the out-of-plane direction to avoid the 
slab-slab interaction. Their corresponding Brillouin zones were sampled 
using a Γ-centered 3 × 5 × 1 or 2 × 4 × 1 mesh depending on the in- 
plane size according to the Monkhost-Pack scheme [21]. The detailed 
procedure of MC simulations is described in Supplementary 
Information. 

3. Results and discussion 

To explore thermally activated recrystallization phenomena of CF, 
as-received commercially available 25 μm-thick-CFs (CF1: 99.9% Alpha 
CF, CF2: 99.999% Alpha CF, CF3: 99.9% oxygen-free SH-CF, CH4: 
99.9% electrolytic tough pitch SH-CF) were examined by electron 
backscatter diffraction (EBSD) coupled with X-ray diffraction (XRD), as 
presented in Fig. 1. Fig. 1(a–d) displays orientation distribution function 
(ODF) mapping acquired from EBSD of as-received CFs, revealing 
typical structural features of polycrystalline CFs containing small grains, 
irrespective of the samples. Inverse pole figure (IPF) maps for as- 
received CFs show randomly distributed crystallographic orientation, 
regardless of the sample, as shown in Fig. 1(e–h). For CF1, relatively 
larger grain and localized crystal planes are discernible. The discernible 
discrepancy in grains size and orientation for CFs relies on the 
manufacturing procedure of each CF. We prudently established 
annealing conditions for recrystallization of CFs; as-received CFs were 
annealed at 1050 ◦C with introducing 225 sccm H2 for 2 h. The micro-
structural evolution of CFs after the annealing was implemented by 

EBSD combined with XRD. Two distinctive structural alterations can 
readily be discerned after the annealing: 1) the massive grain enlarge-
ment is distinctly attested after the annealing, as seen in Fig. 1(i–l) and 
Fig. S1. In particular, the sizes of grains for CF2 and CF3 were estimated 
to be 2 mm and 1.5 mm, respectively. 2) More intriguingly, we unam-
biguously ascertained thermally activated selection of crystallographic 
orientation containing (100) and (111) for CF2 and CF3 after the 
annealing [12–14]. Conversely, CF1 and CF4 possess a relatively broad 
distribution of crystallographic orientation after the annealing, as shown 
in Fig. 1(m–p). The prominent Bragg reflections of the (100) crystal 
plane for annealed CF2 and the (111) crystal plane for annealed CF3 
gained from XRD analysis reinforce our findings from the EBSD results, 
as exhibited in Fig. 1(q–t). In general, the (111) crystallographic plane is 
energetically favorable with the lowest surface energy for the face- 
centered cubic (fcc) structure. Namely, polycrystalline fcc metals 
spontaneously transform into grains with a (111) surface with applying 
the activation energy for grain growth. 

Notably, we traced that our findings correlated with abnormal sur-
face recrystallization of CFs stem from the existence of oxygen in the CFs 
monitored by time-of-flight (TOF)-secondary ion mass spectroscopy 
(SIMS). Fig. 2(a, b) demonstrates SIMS depth profiles of oxygen for CF1, 
CF2, CF3, and CF4 with spilt analysis depth [22]. The presence of 
incorporated oxygen can be discriminated before the annealing, irre-
spective of the samples. The order of oxygen content is CF2 > CF4 > CF1 
> CF3 near the surface of CFs (t = 0–50 nm). For CF4, approximately 1% 
oxygen compared to the oxygen concentration on the surface exists even 
at a depth of 300 nm. The established annealing procedure serves to an 
abrupt decline in the oxygen concentration, however, the order of ox-
ygen content is retained (CF2 > CF4 > CF1 > CF3), as represented in 
Fig. 2(c). Based on these results, we can deduce that the annealing of 
oxygen-enriched CFs (CF2 and CF4) and oxygen-deficient CFs (CF3 and 
CF1) lead to the recrystallization of (100) and (111) crystal planes, 
respectively, which signals an oxygen mediated selection of crystallo-
graphic orientation of CFs, as illustrated in Fig. 2(d). To probe this hy-
pothesis, we deliberately eliminated oxygen incorporated into CF2 and 
CF4 using an electro-polishing procedure before annealing the samples. 
A meaningful variation in the amount of oxygen near the electro- 
polished surface of CF2 and CF4 is discernible, as displayed in Fig. 2 
(e, f). After polishing, the oxygen contents of CF2 and CF4 substantially 
decrease near the surface of CFs. For CF4, however, approximately 1% 
oxygen is still preserved at a depth of 300 nm, unlike CF2. As a result, a 
thermally activated structural transition from the (100) crystal plane 
induced by oxygen-enriched CFs to the (111) crystal plane is observed 
for electro-polished CF2, as exhibited in Fig. 2(g). Conversely, the (100) 
crystal plane is invariant for electro-polished CF4 because of the pres-
ence of incorporated oxygen at a depth of 300 nm, as presented in Fig. 2 
(h). As mentioned earlier, the structural transition of Cu grains is highly 
correlated with the amount of oxygen into the grains. In the absence of 
oxygen, even though the strain energy density of (100)-oriented grains 
is lower than that of (111)-oriented grains, the grains undergo a 
structural transition to the (111) orientation at the surface with the 
lowest surface energy [9–14,22,23]. If incorporated oxygen remains 
near the surface, the surface of grains tends to be pinned as (100) 
orientation. 

The oxygen-deficient CF3 contains large grains with the (111) 
orientation after annealing for 2 h, as displayed in Fig. 3(a). Although we 
prolonged the annealing time, the grains did not fully coalesce into a 
single crystal. Rather, annealing tended to cause along large grain 
boundaries. The grooves became deeper and wider with increasing 
annealing time, as seen in Fig. 3(b, c). Fig. 3(d) represents an average 
grain size of annealed CF3 as a function of annealing time, revealing that 
the grain size was estimated to be several micrometers to millimeters. 
The evolution of the grooves is attributable to a disparate sublimation 
behavior of Cu atoms at the grain and grain boundaries by high- 
temperature annealing, owing to boosted sublimation of Cu atoms at 
grain boundaries with structural instability. We can anticipate that 
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Fig. 1. Structural characterization of CFs before and after annealing. ODF and IPF maps acquired from EBSD for as-received (a, e) CF1, (b, f) CF2, (c, g) CF3, and (d, 
h) CF4. ODF and IPF maps acquired from EBSD for (i, m) CF1, (j, n) CF2, (k, o) CF3, and (l, p) CF4 after annealing with 225 sccm H2 at 1050 ◦C for 2 h. XRD patterns 
for (q) CF1, (r) CF2, (s) CF3, and (t) CF4 before and after annealing. 
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diffusion and sublimation of Cu atoms occur simultaneously at high 
temperatures. To understand the groove filling and widening processes 
experimentally observed during cyclic heat treatment (CHT), we per-
formed Monte Carlo (MC) simulations based on density functional the-
ory (DFT) calculation. It can be regarded that grooves would be filled 
when the reaching rate νs of Cu adatoms wandering on any domains of 
Cu (111) surface to any groove edges is higher than the escaping rate νe 
of dangling Cu atoms at any groove edges, whereas grooves would be 
widened if νs is lower than νe. In other words, competition between these 

two rates would determine a dominant process during CHT. To evaluate 
νs and νe, we computed the migration energy barrier Em of a Cu adatom 
between nearest neighboring fcc and hcp adsorption sites on a perfect Cu 
(111) surface, as shown in Fig. 4(a), and the escaping energy barrier Ee 
of a dangling Cu atom from a groove edge binding site toward nearby 
adsorption sites on a Cu (111) surface, as shown in Fig. 4(b). They were 
estimated to be Em = 76 meV and Ee = 0.96 eV, respectively. With these 
two energy barriers and procedures described in Note S1, we evaluated 
νs and νe as expressed in Eqs. (S1) and (S2), which depend on the area 

Fig. 2. A correlation between the surface recrystallization and the oxygen content of the surface of CFs. (a, b) SIMS depth profiles of oxygen for as-received CF1, CF2, 
CF3, and CF4 with split analysis depth (0–50 nm and 100–300 nm). (c) SIMS depth profiles of oxygen for CF1, CF2, CF3, and CF4 after annealing with 225 sccm H2 at 
1050 ◦C for 2 h. (d) A relationship between the crystallographic orientation and oxygen content of the surface of CFs. SIMS depth profiles of oxygen for as-received (e) 
CF2 and (f) CF4 before and after polishing. XRD patterns of (g) annealed CF2 and (h) annealed CF4 before and after polishing. Schematic representation of oxygen 
mediated selection of crystallographic orientation of CFs. 
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density σ of Cu adatoms and the line density λ of dangling Cu atoms. 
Then, we presumed the conditions for CHT as follows. Fig. 4(c) shows 
dynamic equilibrium conditions of balancing between νs and νe at T =
800 (blue line) and 1050℃ (red line), which are represented by the 
linear relations of σ and λ. For νs > νe corresponding to the region above 
each equilibrium line, more Cu adatoms are reaching any groove edges 
than dangling Cu atoms escaping from groove edges, whereas the other 
way around for νs < νe corresponding to the region below each line. In 
other words, grooves will be filled in the conditions corresponding to the 
region above each equilibrium line, whereas they will be widened in 
those below it. Thus, the experimental condition of the CHT would fall 
into the shaded region in-between the two lines. Our simulation results 
imply that a decrease in the annealing temperature allows relatively 
boosted diffusion of Cu atoms from surface to groove for filling grooves, 

regardless of structural features of grain boundaries (Γ). They also 
provide us with crucial insight into the importance of lower temperature 
annealing for filling grooves. The low-temperature annealing process 
(800 ◦C) for filling grooves caused by the diffusion of Cu atoms was 
periodically combined with the high-temperature annealing process 
(1050 ◦C) for recrystallization of Cu (cyclic heat treatment (CHT)), as 
demonstrated in Fig. 3(e) [24,25]. It should be highlighted that the deep 
grooves of CF3 were blurred indisputably with applying 1 cycle of CHT 
and disappeared completely with 2 cycles of CHT, as presented in Fig. 3 
(f–h). In addition, we implemented CHT for CF4, resulting in that the 
(100)-oriented surface and the grain size were invariant, as shown in 
Fig. S3. Fig. 3(i–l) exhibits a representative SEM image, ODF, IPF maps, 
and an XRD pattern acquired from single-crystalline CF3. Consequently, 
the large (111) grains were merged into a single crystal caused by 

Fig. 3. Representative optical microscope images of groove evolution of the oxygen deficient CF3 with prolonged annealing time for (a) 2 h, (b) 3 h, and (c) 9 h. (d) A 
plot of average grain size of recrystallized CF3 as a function of annealing time. (e) Experimental schedule for the CHT procedure to attain single crystalline CFs. 
Optical microscope images of CF3 (f) before CHT, (g) after 1 cycle CHT, and (h) 2 cycles CHT. (i) A representative SEM image, (j) ODF and (k) IPF maps acquired from 
EBSD and (l) a XRD pattern for CF3 with 2 cycles CHTs. 
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repeated CHT. In addition, transverse (TD) and rolling direction (RD) 
mapping acquired from EBSD were employed to consolidate the for-
mation of single-crystalline CF3 by CHT, as displayed in Fig. S4. 

Several theoretical studies have suggested that thin polycrystalline 
FCC metals can be recrystallized in a preferential direction by adequate 
heat treatment [5,6,7,8,13]. However, the experimental results were 
inconsistent, in which they propose contradictory results depending on 
their sample preparation processes. In order to unveil a possible mech-
anism for oxygen-mediated selection of crystallographic orientation, we 
first calculated the total surface energy variation for oxygen-covered Cu 
(100) and Cu(111) surfaces with various oxygen coverages (0 oxygen 
atoms (Oxy 0), 6 atoms (Oxy 6), 8 atoms (Oxy 8), and 10 atoms (Oxy 
10)), the structures of which are respectively displayed in Fig. S2(a) and 
(b). Fig. 4(d) shows the energy difference (ΔE) between the O/Cu(111) 
and O/Cu(100) systems as a function of oxygen coverage. For all oxygen 
concentrations, the surface energy of Cu(111) is lower than that of Cu 
(100), indicating that the Cu(111) is energetically more favorable than 
Cu(100), resulting in the predominant recrystallization of Cu(111) 
[8,14,23,26,27], although a gradual decrease in the surface energy 
difference between O/Cu(111) and O/Cu(100) systems is discernible 
by elevating oxygen coverage, as exhibited in Fig. 4(d). We also inves-
tigated the effects of oxygen when oxygen atoms are placed below the 
surfaces of Cu(100) and Cu(111) systems. Let us define ΔEf by the 
formation energy difference between when inserting an oxygen atom 
into the 1st interlayer and when inserting it into the 2nd interlayers just 
below the surface in the six-layer slab structure of each system. We 
calculated ΔEf to be 0.44 and –0.18 eV in Cu(100) and Cu(111) sys-
tems, respectively, implying that oxygen atoms prefer staying inside the 
Cu(100) system to escaping out to its surface and the other way around 
in the Cu(111) system. We further discovered that oxygen atoms favor 
forming in dimers rather than isolated individual atoms inside the Cu 
bulk system and oxygen insertion have the bulk system expand. To 

compare the stability of the structural symmetries of Cu(100) and Cu 
(111) systems, we explored the strain effect on their total energies while 
maintaining their structural symmetries representing [100] and [111] 
orientations. As shown in Fig. 4(e), it requires much more energy to 
preserve the symmetry of the (111) plane than to preserve that of the 
(100) plane as the strain increases. We presume that the oxygen inser-
tion would make a similar effect as the strain. An increase in oxygen 
concentration leads to the exertion of elastic strain energy, the energy 
exerted by the presence of lattice mismatch caused by the bonding of 
alien and host atoms, as well as surface energy in the O/Cu system. 
Namely, oxygen-induced elastic strain energy enables a decrease in the 
surface energy difference between O/Cu(111) and O/Cu(100) systems, 
resulting in the recrystallization of Cu(100). If the oxygen in commer-
cially available CFs was completely eliminated, the surface of CFs can be 
reconstructed into a (111) surface, where small grains grew into larger 
grains via abnormal grain growth. Consequently, the (111) grains merge 
into a single crystal stimulated by additional CHT involving filling 
grooves and subsequent recrystallization processes, as illustrated in 
Fig. S2(c). Conversely, oxygen incorporated CFs preferred to recrystal-
lize the (100) crystal plane during annealing, in which the residual 
oxygen seems to affect the grain orientation in the (100) direction by 
the exertion of elastic strain energy in the system [10,11]. The size of the 
(100) grains was not enlarged additional CHT. 

Graphene was synthesized by conventional thermal chemical vapor 
deposition (TCVD). CF3 and CF4 with 2 cycles of CHT were adopted as 
catalytic substrates for graphene synthesis to verify a correlation be-
tween the Cu domain enlargement and growth aspect of graphene. The 
graphene coverage on CFs was precisely manipulated by regulating the 
CH4 flow rate. With graphene grown by adopting 1.5 sccm CH4, the 
continuous layer was transferred onto a SiO2 (300 nm)/Si(001) sub-
strate by a poly(methyl methacrylate) (PMMA)-assisted wet transfer 
technique. Optical microscopy images acquired from graphene grown 

Fig. 4. (a) The migration energy barrier of a Cu 
adatom between nearest neighboring fcc and 
hcp adsorption sites on a perfect Cu (111) sur-
face. (Inset) Top view of a (111) Cu surface 
indicating neighboring fcc and hcp adsorption 
sites. (b) The escaping energy barrier of a 
dangling Cu atom from a groove edge binding 
site toward nearby adsorption sites on a Cu 
(111) surface. (Inset) Side view of a dangling Cu 
atom (grey sphere) before and after escaping 
from a groove edge. (c) Result of DFT-based 
Monte Carlo simulation: the linear relations of 
the area density σ of Cu adatoms on Cu (111) 
surface and the line density λ of dangling Cu 
atoms at groove edges at T = 800 (blue line) and 
1050℃ (red line) representing the dynamic 
equilibrium conditions of balancing (νs = νe) 
between the reaching rate νs of Cu adatoms to 
any groove edges and the escaping rate νe of 
dangling Cu atoms. (Inset) Schematic view 
diplaying the filling and widening of a groove 
occuring under any conditions corresponding to 
above (νs > νe) and below (νs < νe) each dy-
namic equilibirum line, respectively. The 
experimental condition of the CHT would fall 
into the shaded region in-between the two lines. 
(d) Total energy difference (ΔE) between O/Cu 
(111) and O/Cu(100) system according to ox-
ygen coverage. (See Fig. S2(a, b) for oxygen 
adsrobed surface structures.) (e) Relative en-
ergies (ΔE) of bulk Cu as a function of biaxial 
strain applied on the (111) (red) and (100) 
(blue) planes. (For interpretation of the refer-
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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on CF3 and CF4 using 0.32 sccm CH4 reveal that the size of the crys-
talline domains is estimated to be approximately 100 μm, regardless of 
the sample in Fig. 5(a, b). Unlike the graphene on CF4, it is worth noting 
that homogeneous orientation of hexagonal graphene domains was 
distinctly observed for CF3, which hints that the graphene on CF3 is 
indeed a single crystal. The resonant Raman spectra recorded with an 
excitation wavelength of 514 nm of graphene on CF3 and CF4 represent 

the graphene fingerprints involving the G- and 2D-bands are discernible 
in Fig. 5(c, d). The G-band is associated with normal first-order Raman 
scattering, involving an electron and the doubly degenerated phonons 
(iTO and iLO) at the Brillouin zone center. The 2D-band originates from 
an intervalley double resonance Raman process, involving an electron 
and two iTO phonons at the K point [28]. The absence of the defect- 
induced D-band for graphene on CF3 reflects defect-less and single- 

Fig. 5. (a,b) Representative optical microscope images of graphene synthesized on CF3 and CF4 using 0.32 sccm CH4 and (c,d) resonant Raman spectra recorded 
with an excitation wavelength of 514 nm for graphene synthesized on CF3 and CF4. (e) An optical microscope image and (f) Raman spectrum for graphene, syn-
thesized by adopting 1.5 sccm CH4, transferred onto SiO2 (300 nm)/Si(001) using a PMMA-assisted wet transfer technique. 
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crystalline graphene. The large-area and continuous monolayer gra-
phene was successfully synthesized using 1.5 sccm CH4 injections. After 
transfer onto a SiO2/Si substrate using a PMMA-assisted wet transfer 
technique, optical microscopy combined with Raman spectroscopy 
demonstrated that the structural features of continuous graphene grown 
on CF3 were well-preserved as shown in Fig. 5(e, f). To verify the large- 
scale uniformity of single-crystalline graphene synthesized on recrys-
tallized CF3 using 1.5 sccm CH4 injection, spatially resolved Raman 
mapping (area: 100 × 100 μm2) of the intensity of the D- and G-bands 
Raman active phonon modes was carried out, as displayed in Fig. S5. 
The nearly negligible intensity of the D-band and virtually no spatial 
variation in the intensity of the G-band for graphene were distinctly 
observed, clearly reflecting the excellent structural homogeneity of the 
sample. 

4. Conclusion 

In summary, we unprecedentedly explored the recrystallization 
phenomena for Cu grains in a specific direction that can be mainly 
mediated by the presence of oxygen in the grains. Based on these results, 
we attained structural transition from polycrystalline CF to single- 
crystalline CF by eliminating oxygen into the grain by the CHT pro-
cedure under a hydrogen atmosphere. We envisage that single- 
crystalline CFs will be valuably adoptable for the synthesis of large- 
area single-crystalline graphene and also in many other fields. 
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