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ABSTRACT: Wrinkles are ubiquitous for graphene films
grown on various substrates by chemical vapor deposition
at high temperature due to the strain induced by thermal
mismatch between the graphene and substrates, which
greatly degrades the extraordinary properties of graphene.
Here we show that the wrinkle formation of graphene
grown on Cu substrates is strongly dependent on the crys-
tallographic orientations. Wrinkle-free single-crystal graphene
was grown on a wafer-scale twin-boundary-free single-crystal
Cu(111) thin film fabricated on sapphire substrate through strain engineering. The wrinkle-free feature of graphene
originated from the relatively small thermal expansion of the Cu(111) thin film substrate and the relatively strong inter-
facial coupling between Cu(111) and graphene, based on the strain analyses as well as molecular dynamics simulations.
Moreover, we demonstrated the transfer of an ultraflat graphene film onto target substrates from the reusable single-crystal
Cu(111)/sapphire growth substrate. The wrinkle-free graphene shows enhanced electrical mobility compared to graphene
with wrinkles.
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C hemical vapor deposition (CVD) growth of high-quality
graphene films on various metal substrates, including
Cu,1,2 Ni,3,4 and Pt,5 has been extensively investigated

to fulfill various requirements for device applications.6,7 Even
though tremendous efforts have been taken to eliminate grain
boundaries by growing large single-crystal graphene,5,8,9 graphene
wrinkles3,10−12 the other ubiquitous linear defect sites have far

less been addressed.13,14Graphene wrinkles may cause anisotropic
electrical mobility,12 local charge accumulation,15 anticorrosion
degradation,16 and mechanical strength/thermal conductivity
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reduction.15,17 Especially the inhomogeneity caused by graphene
wrinkles is of serious concern for industrial applications of
graphene films,18 where high reproducibility and reliability are
required during top-down fabrication and device integration.
Until now, only very limited growth methods were proposed to
address the grain boundaries and wrinkles simultaneously. For
example, Jae-Hyun Lee et al. reported the growth of wrinkle-free
and single-crystal graphene on hydrogen-terminated germa-
nium.19 The wrinkle-free nature of graphene on germanium was
inferred from the extremely weak adhesion and relatively small
difference in thermal expansion coefficient (CTE) between the
materials.
Graphene wrinkles can form during both the growth and

transfer process. Intrinsic graphene wrinkles formed during the
growth are impossible to release by transfer, although graphene
ripples induced by corrugated substrates can be released by
reformative transfer methods.20,21 As schematically illustrated
in Figure 1a, the wrinkle formation of graphene grown on Cu
mainly originated from the compressive strain relaxation. In prin-
ciple, during cooling in the CVD process, the mismatch of CTE
between graphene (αGr)

22,23 and Cu substrate (αSub) will induce
strong compressive strain (ε ≈ΔT(αGr− αCu) for a temperature
drop ΔT) in the graphene film. Once the strain energy is large
enough to overcome the activation energy for wrinkle formation,
the graphene layer buckles to form wrinkles24 and relaxes its
in-plane compression at the expenses of interfacial energy due to
delamination and bending energy in wrinkles. The activation
energy relies on how strong the graphene is bonded to the
substrate.24,25 To date, the growth of wrinkle-free graphene on
the Cu substrate is still particularly challenging for two reasons.

First, the large thermal expansion mismatch between Cu (αCu =
16.6 × 10−6/K) and graphene (αGr = −7 × 10−6/K)22,23 induces
strain in graphene as large as ∼2% when cooling, supposing a
growth temperature of ∼1000 °C. Note that CTE is temper-
ature-dependent. Second, the relatively weak graphene−Cu
interaction26 allows for in-plane slipping and delamination, and
the latter leads to out-of-plane buckling of graphene under the
strain. Therefore, reducing the thermal expansion mismatch and
enhancing the graphene−Cu interaction might satisfy those
key requirements for the growth of wrinkle-free graphene on Cu
substrate.
The thermal dynamics of Cu crystal facets are highly related to

their crystallographic orientations.27−30 Among them, Cu(111)
is the most compact and lowest energy surface with the smallest
thermal expansion along three equivalent lattice directions
(Figure 1b), whereas Cu(100), for instance, has larger thermal
expansion.30Moreover, the interaction of graphene with Cu(111)
is larger than that of Cu(100) and Cu(110) based on both experi-
mental measurements and theoretical calculations.31,32 Until now,
systematic investigations on the relationship between graphene
wrinkle formation and Cu crystallographic orientations, as well as
large-area growth of wrinkle-free graphene film, have not been
reported to the best of our knowledge. Herein we show that
graphene is wrinkle-free grown on Cu(111) thin film, whereas it
is wrinkled on other surfaces such as Cu(100) and Cu(110).
Through the strain engineering of the substrate, the wrinkle-free
single-crystal graphene was repeatedly grown on a reusable 4
in. epitaxial single-crystal Cu-(111) thin film fabricated on an
α-Al2O3(0001) sapphire substrate. Finally, we demonstrate that

Figure 1. Wrinkle-free graphene growth on Cu(111) thin film. (a) Schematic of the wrinkle formation process of graphene (Gr) grown on a
substrate. The black arrow shows the compressive strain of graphene induced by the thermal mismatch during cooling. (b) Crystal face model of
Cu(111) and Cu(100). (c) Schematic of the wrinkle-free graphene grown on Cu(111) thin film epitaxial on sapphire. (d, e) SEM images of
graphene grown on Cu(111) thin film and Cu(100) foil, respectively. (f, g) AFM images of graphene grown on Cu(111) thin film and Cu(100)
foil, respectively. (h, i) STM images of graphene on a Cu(111) surface with large Cu step bunch and atomic Cu steps, respectively. The line
profiles marked by black lines are shown below. (j) Atomic-resolution STM image of graphene on a Cu(111) surface.
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the wrinkle-free single-crystal graphene shows much improved
electronic properties.

RESULTS AND DISCUSSION

The growth and transfer process of wrinkle-free graphene are
schematically illustrated in Figure 1c and Supporting Information
Figure S1. The morphology of as-grown graphene was carefully
investigated by scanning electron microscopy (SEM), atomic
force microscopy (AFM), and scanning tunneling microscopy
(STM). As shown in a typical SEM image (Figure 1d), large-area
graphene film grown on Cu(111) thin film shows very uni-
form contrast without any wrinkles (more data are shown in
Supporting Information Figure S2). Note that the graphene
growth was under atmospheric pressure to reduce the sublima-
tion of Cu and maintain the substrate flatness during growth
(Supporting Information Figure S3).33Graphene films grown on
Cu foil under similar conditions were also obtained. In contrast,
large amounts of graphene wrinkles commonly formed on
(100)-orientated Cu foil are visible as dark contrast in the SEM
image because these regions reflect fewer secondary electrons
(Figure 1e, Supporting Information Figure S4).
AFM images further revealed the local flatness of graphene

films on a Cu(111) thin film substrate, in which no wrinkles
were detected on the whole surface (Figure 1f, Supporting
Information Figure S5). The root-mean-square (RMS) rough-
ness of graphene/Cu(111) is ∼0.408 nm in the AFM image
region of 25 μm2. In contrast, graphene wrinkles on Cu(100) foil

can be visualized easily in a typical AFM image (Figure 1g). The
apparent wrinkle at the height of ∼1.6 nm indicates the folded
structure (Supporting Information Figure S6). Apart from the
formation of graphene wrinkles, the Cu(100) surface underwent
severe surface reconstruction to form dense step bunches at a
height of ∼10 nm for strain relaxation,11 resulting in the RMS
roughness of graphene/Cu(100) of up to 3.92 nm, much larger
than that of graphene/Cu(111). Furthermore, STM imaging
with an ultrahigh vertical resolution was conducted to character-
ize the as-grown graphene film (Figure 1h−j).34,35 The typical
atomic-resolution STM image of graphene reveals the honey-
comb-like lattices (Figure 1j). Remarkably, no wrinkle was
observed in graphene films grown on both the terraces and step
edges of the Cu(111) surface with different step heights from
∼3 nm (Figure 1h) to ∼0.3 nm (Figure 1i). To sum up, we can
undoubtedly conclude that graphene film grown on single-crystal
Cu(111) thin film on sapphire is ultraflat and wrinkle-free. Note
that the impurity-free and ultraflat feature of Cu(111) thin film
might be crucial for the wrinkle-free graphene growth.
In addition to the wrinkle-free feature of graphene film, the

use of the single-crystal Cu(111) substrate enables epitaxial
growth of aligned graphene domains (Supporting Information
Figures S7−9), which subsequently seamlessly stitch together
to form a single-crystal monolayer graphene at the wafer scale
(Supporting Information Figures S10−12).36,37

To realize wafer-scale growth of wrinkle-free graphene, the pre-
requisite challenge lies in the fabrication of a wafer-size single-crystal

Figure 2. Wafer-scale single-crystal Cu(111) thin film fabrication on sapphire. (a) Photograph of a 4 in. single-crystal Cu(111) thin film on
α-Al2O3. (b) SEM image and (c) AFM morphology image of Cu(111) thin film. (d) EBSD map of Cu thin film on α-Al2O3. Inset shows the pole
figure of Cu(111). (e) XRD pattern of Cu/sapphire, showing the well-defined Cu(111) out-of-plane orientation. (f) HRXRD azimuthal off-axisφ
scan of Cu(111) using Cu(200) as Bragg position, and α-Al2O3 (0001) using α-Al2O3(022 ̅4) as Bragg position. (g) Schematic of the orientation
relationship between Cu(111) and oxygen-terminated α-Al2O3(0001). (h) STEM image of the interface regions of Cu/α-Al2O3 along the zone
axis of [1 ̅10]Cu and [101 ̅0]α‑Al2O3. (i) SAED obtained from the Cu film. (j) SAED obtained from the α-Al2O3 substrate.
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Cu(111) substrate. Several groups have reported the fabrication
of epitaxial Cu(111) thin film on sapphire, yet the in-plane twin
boundaries are always observed since the epitaxy between a
(111) cubic film and a hexagonal substrate is equivalent for a 60°
in-plane orientation.38−40 The twin boundaries can induce deep
thermal grooves, which degrade the flatness of the Cu thin
film and hinder the epitaxy relationship between Cu(111) and
graphene. Very recently, an appropriate combination of the use
of a fine single-crystal Cu(111) target and precise temperature
control of the sapphire substrate duringmagneton sputtering was
proposed to fabricate a 2 in. single-crystal Cu(111) thin film.41

In contrast with previous reports, we herein use a low-cost
polycrystalline Cu target to deposit a single-crystal Cu(111) thin
film without in-plane twin structures on an oxygen anneal
ing pretreated sapphire substrate. Briefly, a 4-in.-sized c-plane
α-Al2O3(0001) substrate was cleaned and annealed at 1000 °C in
a pure oxygen atmosphere for 12 h, followed by Cu magnetron
sputtering with a commercial coarse Cu target immediately.
Then, the as-deposited Cu/sapphire was annealed at 1000 °C in
Ar/H2 atmosphere for recrystallization.
As-deposited Cu on sapphire is (111)-oriented yet very rough

with poor crystallinity (Supporting Information Figure S13). The
postannealing process of Cu/sapphire results in the giant grain
growth,42 and eventually wafer-scale single-crystal Cu(111) thin film
can grow on the α-Al2O3(0001) substrate (Figure 2a). The large-
area optical microscopy (OM) images (Supporting Information
Figure S14) and SEM images (Figure 2b, Supporting Information
Figure S15) verify that the Cu(111) thin film almost does not
have any obvious grain boundaries. More importantly, the sur-
face of the Cu(111) thin film is ultraflat with an RMS roughness

of 0.308 nm in the image region of 25 μm2, as shown by the
AFM image (Figure 2c, Supporting Information Figure S16).
In addition, we have carried out 2D mapping of Cu thin film
by electron backscattering diffraction (EBSD) (Figure 2d,
Supporting Information Figure S17). The Cu(111) pole figure
of EBSD shows three evenly distributed points, which indicates
the single orientation of Cu(111) without in-plane twinning.
In addition to EBSD maps, the X-ray diffraction (XRD) pat-

tern (2θ scan) of the Cu/sapphire indicated an out-of-plane
orientation of (111) over the whole wafer (Figure 2e, Supporting
Information Figure S18). We chose Cu(200) and Al2O3(022 ̅4)
as Bragg positions and performed aφ scan by rotating the sample
normal to the surface with high-resolution XRD (HRXRD)
(Figure 2f). The diffraction peaks of both Cu and sapphire appear
periodically at intervals of 120° and have a quite narrow full width
at half-maximum (fwhm). Since a single (111) pole has a 3-fold
trigonal symmetry, we conclude that the Cu(111) is single
crystalline without in-plane twin structures.
Moreover, we can identify the epitaxial orientation relation-

ship (OR) from the peak position of Cu and sapphire in the φ
scan (Figure 2f), as schematically shown in Figure 2g: OR ≡

(111)Cu∥(0001)α‑Al2O3∧⟨1 ̅10⟩Cu∥⟨101 ̅0⟩α‑Al2O3. Cu is under at
most ∼6.7% tensile epitaxial stress in both [11̅0] and [112 ̅]
directions in this OR. The epitaxial relationship was further
proven by cross-sectional transmission electron microscopy
(TEM), including the atomically resolved scanning transmission
electron microscopy (STEM) characterization of the interface
regions between Cu and sapphire (Figure 2h), and the selected
area electron diffraction (SAED)patterns of theCu film (Figure 2i)
and sapphire (Figure 2j). A Cu2O buffer layer with a thickness of

Figure 3. Strain and doping analysis and the molecular dynamic stimulation of wrinkle formation on Cu crystallographic planes. (a) Representa-
tive Raman spectra of graphene grown on Cu(111) thin film and Cu(100) foil. The fluorescence background signals of Cu have been deducted.
The blue lines mark the G band and 2D band positions of strain-free intrinsic graphene. (b) Probability distribution of the intensity ratio of the
2D peak andG peak. (c)Δω2D−ΔωG correlation of the graphene onCu(111) thin film andCu(100) foil. The steep dashed line with a slope of 2.7
indicates a charge neutral line assuming ∂ω2D/∂ε≈−57.3 and ∂ωG/∂ε≈−160.3 (ref 53); the dashed line with a slope of 0.75 was associated with
hole doping (ref 52). (d−i) Morphology of graphene on various Cu crystallographic planes under the compressive thermal strains from the
depositing temperature of 1300 K to room temperature (300 K). (d−f) Morphology of graphene at 300 K after relaxation on Cu(100), Cu(110),
and Cu(111) planes, respectively. (g−i) Morphology of graphene after a sufficiently long period on Cu(100), Cu(110), and Cu(111),
respectively. Color reflects the height of wrinkles. (j) Dependence of binding energy and wrinkle height on Cu crystallographic planes.
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1−2 nm exists between Cu and the oxygen-pretreated sapphire
substrate (Supporting Information Figure S19).
In a control experiment, a Cu thin film sputtered on sapphire

without oxygen annealing pretreatment shows grain boundaries
with deep thermal grooves (Supporting Information Figure S20),
and the in-plane twinning is verified by a φ scan of HRXRD
(Supporting Information Figure S21) and an EBSD map
(Supporting Information Figure S22). The orientation relation-
ship between Cu and α-Al2O3 (without oxygen pretreatment)
is the same as that of α-Al2O3 (with oxygen pretreatment),
yet no intermediate layer is observed at the interface regions
(Supporting Information Figure S23). We believe that the pre-
annealing of sapphire in an oxygen atmosphere contributes to
the formation of more oxygen-terminated sapphire surface, as
indicated by the Auger electron spectroscopy (AES) and X-ray
photoelectron spectroscopy (XPS) measurement (Supporting
Information Figures S24, S25). The oxygen terminationmight be
beneficial for the formation of a uniform ultrathin Cu2O buffer
layer,40 which contributes to the relief of large epitaxial stress
betweenCu and sapphire, the key to wafer-scale epitaxy of a twin-
free single-crystal Cu(111) thin film (Supporting Information
Figures S26, S27).40

As mentioned above, the interaction between graphene
and Cu is related to Cu crystallographic orientation. Strong
graphene−substrate interplay allows strain retaining instead of
wrinkle formation. We investigated the state of graphene on
Cu(111) and Cu(100) to explain the difference in wrinkling
behavior by Raman spectroscopy due to its feasibility for simu-
ltaneous strain and doping analysis.43−45The representative Raman
spectra of graphene/Cu(111) thin film and graphene/Cu(100)

are shown in Figure 3a. Compared with the Raman spectrum of
intrinsic graphene, the 2D band of graphene on Cu(111) thin
film is obviously weakened, while it remains strong on the
Cu(100) substrate. Moreover, the G and 2D bands blue-shift for
the samples on both Cu(111) and Cu(100), while the bands shift
more on Cu(111).
The interaction of graphene−Cu can be quantitatively

described using the charge transfer, which can be detected as
the doping state of graphene. For example, it is reported that
graphene on Cu(111) is n-doped by angle-resolved photoemis-
sion spectroscopy (ARPES) with a Fermi level (EF) shift of
∼−300 meV.46 In contrast, graphene is supposed to be weakly
physisorbed on Cu(100) foil with a doping less than 110 meV
derived from themicrospot ARPES.47On the other hand, Raman
spectroscopy provides an indicator for the doping effect of
graphene, where strong doping induces an obvious decreased
intensity ratio of the 2D and G bands (I2D/IG).

48 As shown in
Figure 3b, the mean values of I2D/IG on Cu(111) and Cu(100)
are 1.54 and 2.87, respectively, which indicates that graphene on
Cu(111) is more heavily doped than graphene on Cu(100).
Moreover, the STM test is also adopted to verify the interaction
difference of graphene/Cu(111) vs graphene/Cu(100) (Supporting
Information Figure S28).
As a consequence of weak interaction of graphene on Cu(100),

the wrinkles form during the cooling process for strain relief.24,49

Raman spectroscopy was also used to investigate the remaining
strain of graphene on Cu(100) and Cu(111), in which com-
pressive strain causes the blue-shift of both G and 2D bands,
while tensile strain causes the reverse.44 The blue-shift of the
G and 2D peaks indicates the possible biaxially compressive strain

Figure 4.Wafer-scale transfer of wrinkle-free graphene onto target substrates. (a) SEM image of wrinkle-free graphene transferred onto a SiO2/Si
substrate. (b) AFM image of the region marked in a red frame in a. (c) SEM image of graphene with wrinkles on a SiO2/Si substrate. (d) AFM
image of the region marked in a blue frame in c. The white arrow indicates the growth-induced wrinkles, and yellow arrow indicates transfer-
induced wrinkles. (e) Raman D map of wrinkle-free graphene in a. (f) Raman D map of wrinkled graphene in c. (g) Transmittance curve of
sapphire and graphene/sapphire. Inset shows a photograph of the 4 in. graphene/sapphire. (h) Sheet resistance map of the 4 in. graphene/
sapphire. The blue color marks the area without graphene. (i) AFM image and photograph (inset) of a Cu(111)/sapphire after three cycles of
graphene growth and bubbling transfer.
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in the graphene lattice (Figure 3a), since uniaxial strain will cause
splitting of the peaks.44,50 To exclude the doping effect by
underlying Cu substrates, we conducted the correlation analysis
of the G and 2Dmode based on the difference in ratio of the shift
of ω2D and ωG (Δω2D/ΔωG).

51 Biaxially strained graphene
shows a much larger ratio of (Δω2D/ΔωG)-ε

52,53 than that
induced by charge doping.54,55 We plotted ΔωG and Δω2D

(Figure 3c). The dots measured from graphene/Cu(111) mainly
distributed at the upper right compared with those from
graphene/Cu(100), which reveals that graphene on Cu(111) is
more compressively strained than that on Cu(100). These obser-
vations clearly indicate that strong interfacial coupling of
graphene with Cu(111) enables strain energy retention in the
graphene lattice and prevents wrinkle formation.
To further clarify the kinetic process of graphene wrinkle

formation on various crystallographic planes, we performed
large-scale molecular dynamics (MD) simulations using the
massively parallel simulator (LAMMPS) to mimic their CVD
conditions. As shown in Figure 3d−i, we present the morphology
snapshots of graphene at different stages. With the imposed
thermal strain during cooling, the initially flat graphene forms a
number of wrinkles on the Cu (100) surface (Figure 3d).
At 300 K, those wrinkles begin to coalescence to form a large
wrinkle along the Cu [001] direction (Figure 3g and Supporting
Video S1, the zigzag direction of graphene). If the graphene is
placed on theCu(110) surface, it forms bubbles at first (Figure 3e),
and then these bubbles collapse and transform into a large
wrinkle along the Cu [−110] direction (Figure 3h and Supporting
Video S2, also the zigzag direction of graphene). In contrast, the
graphene on the Cu(111) plane behaves quite differently: It
forms a patterned “superlattice” at the beginning (Figure 3f) and
then gradually flattens out at a sufficiently long time (Figure 3i
and Supporting Video S3). The superlattice resembles the
moire ́ pattern of aligned graphene on Cu(111), as shown in
Figure S28.56 We calculate the binding energy and the wrinkle
height as a function of different crystallographic planes (Figure 3j).
A binding energy of 24.1 meV/Å2 for graphene on the Cu(111)
surface is found and is the greatest among the three planes. More
importantly, the binding energy of graphene/Cu(111) plane is
large enough to suppress the bending energy introduced by
wrinkles, which could be introduced by thermal undulation as the
bending stiffness of graphene is ultralow.57

The flat and wrinkle-free graphene/Cu(111) thin film is
beneficial for the transfer of ultrasmooth graphene films with
the least transfer-induced wrinkles.20,21 We used a poly-(methyl
methacrylate) (PMMA)-mediated bubbling transfer method to
retain the single-crystal Cu(111) substrate.5 Both the SEM image
(Figure 4a) and AFM image (Figure 4b) of graphene transferred
onto the SiO2/Si substrate indicate a uniform monolayer with-
out visible wrinkles. In contrast, the SEM image of transferred
graphene grown on Cu(100) foil shows large amounts of wrinkles
with varied widths (Figure 4c). Those larger wrinkles (white
arrows) derive from growth-induced wrinkles, and the small
wrinkles (yellow arrows) are more likely induced by the transfer
process since the surface of Cu foil is very rough (Figure 1d).20,58

The ubiquitous wrinkles induced by the transfer process are
obvious in the AFM image (Figure 4d). The quality of graphene
with and without wrinkles was then evaluated using Raman
spectroscopy. The Raman D band mapping of wrinkle-free
graphene in Figure 4e is rather uniform and near the background
level, and the G band, 2D band, and the ratio mapping all
prove the high-quality monolayer graphene feature (Supporting
Information Figure S31). In contrast, a strong D band exists and

distributes well consistent with the growth-induced wrinkles
(Figure 4f), which indicates a wrinkle with high enough curvature
to locally enable the radial breathing mode.59 The electronic
quality of wrinkle-free single-crystal graphene was evaluated by
transport measurements, showing a room-temperature mobility
as high as∼11 000 cm2V−1 s−1, which is among the best results of
CVD-grown graphene.60,61 Notably, the mobility of wrinkle-free
graphene is much higher than that of graphene with wrinkles
(Supporting Information Figure S32).
The wafer-scale wrinkle-free graphene single crystal was

also transferred onto a 500-μm-thick c-plane sapphire substrate
(Figure 4g). The graphene layer exhibits ∼2.34% absorption at
550 nm (Figure 4g), consistent with the ideal transmittance for
monolayer graphene. The distribution of sheet resistance is
uniform with an average value of ∼275 Ω/□ (Figure 4h), much
smaller than most reported monolayer graphene (Supporting
Information Figure S33, Table S1). Benefitting from the etching-
free transfer process, we repeated the growth and transfer for
three cycles with the same Cu(111)/sapphire. The Cu(111) thin
film stays flat and clean, and graphene grown repeatedly also shows
no degradation in quality (Figure 4i, Supporting Information
Figure S34).

CONCLUSION

To conclude, we demonstrated the wafer-scale growth of wrinkle-
free graphene single crystals on Cu(111) thin film. The wrinkle-
free feature of graphene is attributed to the strong interfacial
coupling of graphene with Cu(111) that enables strain energy
retention in the graphene lattice instead of wrinkle formation.
The concept of engineering the thermal expansion and inter-
action of metal substrates may extend to many other growth
substrates, such as Ni, Pt, or their alloys, for wrinkle-free graphene
growth or other two-dimensional analogues, such as h-BN.

METHODS

Single-Crystal Cu(111) Thin Film Epitaxy on Sapphire. The Cu
thin film was deposited on a single-crystal sapphire (4 in., c plane with
misorientation <0.5°, 500 μm thickness, Epi-ready with Ra < 0.2 nm) by
a radio frequency (RF) sputtering technique using a PVD equipment
(Sputter film, SF2). An RF power of 500 W was applied to deposit Cu
thin film at the deposition rate of 0.2 nm s−1, with a basal pressure of
4× 10−4Torr. A 500-nm-thick Cu thin film was obtained after 30 min of
deposition. Before deposition, the sapphire substrate was annealed at
1000 °C for 12 h in a pure oxygen atmosphere. Also, the unannealed
sapphire is used to directly deposit the Cu film for comparison.
For convenience, Cu deposited on sapphire with preannealing in oxygen
was defined as Cu/sapphire-(A), while the unannealed one, as
Cu/sapphire-(NA). The Cu/sapphire was then annealed at 1000 °C
with 500 sccm Ar and 10 sccm H2 at atmospheric pressure using a tube
furnace (Thermal Scientific) for 1 h to increase the crystallinity of the Cu
thin film.

Wrinkle-Free Graphene Single-Crystal Growth. The Cu(111)/
sapphire was heated to 1000 °C with 500 sccm Ar and 10 sccm H2 at
atmospheric pressure; then 10 sccm CH4 (0.1% diluted in Ar) was
introduced for graphene growth. Usually a 30 min growth results in
graphene domains with a size of ∼50 μm, and fully covered graphene
was produced by extending the growth time to ∼2 h. After growth, CH4

gas flow was switched off and the sample was cooled to room
temperature. Commercially available rolled Cu foil (25 μm thick, Alfa
Aesar #46365, mostly 100-oriented) was used as reference. The Cu foil
was first electrochemically polished in electrolyte solution composed of
phosphoric acid and ethylene glycol (v/v = 3:1) with a voltage of 2 V for
30 min. The growth condition of graphene on Cu foil is the same as that
of Cu(111) thin film.

Graphene Transfer. PMMA was spin coated on graphene/Cu at a
speed of 2000 rpm for 1 min. The PMMA/graphene film was detached
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from Cu by an electrochemical bubbling transfer method using 0.1 M
NaOH-(aq) as electrolyte and Pt foil as the counter electrode. After
detaching, the PMMA/graphene filmwas merged into water to clean the
residues. The PMMA/graphene was then rinsed in DI water several
times and attached to target substrates. After drying in air overnight, the
PMMA was removed by hot acetone.
Characterization. Optical Measurement. Optical microscopy was

conducted on a Nikon Olympus LV100ND. To measure the strain of
graphene on Cu substrates, Raman spectra were collected on a JY
Horiba HR800 Raman system with a 514 nm (2.41 eV) line from an Ar+

laser with a laser spot size of 1 μm. The laser power on the sample was
kept below 1 mW to avoid graphene heating. A 100× objective and
600 lines/mm grating (spectral resolution was about 1 cm−1) were used
to collect the Raman signal. The test was conducted immediately after
graphene growth to exclude possible decoupling. To measure the
Raman spectra of graphene transferred onto the SiO2/Si substrate, a
Witec Raman system (alpha RSA300+) with a 488 nm laser was used
with a laser spot size of 1 μm. The spatial resolution is about 350 nm.
A 100× objective and 600 lines/mm grating (spectral resolution was
about 3 cm−1) were used to collect the Raman signal. The transmittance
measurement was conducted using a UV−vis−NIR PerkinElmer Lambda
950 spectrophotometer.
XRD Characterization. A PANalytical X’pert PRO high-resolution

X-ray diffractometer using Cu Kα radiation was employed. Different
geometrical setups of the instrument were used depending on the
scanning procedure. The high-resolution mode enables an angle resolu-
tion of 0.001°.
SEM and EBSD Measurement. SEM images were obtained on a

Hitachi S4800 field-emission scanning electron microscope. EBSD
measurements were carried out on a ULVAC-PHI (PHI 710) Auger
system equipped with an EBSD probe (EDAX, DigView). The EBSD
test was operated at 10 kV voltage and 10 nA current. The spot size was
20 nm.
TEM Measurement. The cross-sectional TEM specimen was

fabricated using a focused ion beam system (FET Strata DB 235).
The thickness of the specimen foil was less than 100 nm. TEM and
SAED were performed on the TEI Tecnai F20 operated at 200 kV. The
STEM images were acquired at an aberration-corrected FEI microscope
(Titan Cubed Themis G2) operated at 300 kV with a beam current of
0.2 nA, convergence semiangle of 25 mrad, and collection semiangle
snap of 80−379 mrad.
AFM and STM Measurement. The AFM morphology image was

obtained on a Bruker Dimension Icon using the tapping mode. STM
measurement was conducted with an Omicron-VT-STM system. The
graphene/Cu(111) sample was annealed at 673 K for 4 h before
measurement at 293 K. All of the STM topographic images were
obtained in constant-current mode. The dI/dV spectra were acquired by
a lock-in amplifier, while the sample bias was modulated by a 10 mV
(RMS), 1327 Hz sinusoidal signal under open-feedback condition.
AES and XPS Measurement. AES was conducted on a ULVAX-PHI

(PHI 710) Auger system, with the voltage of 10 kV and beam current
of 10 nA. XPS was conducted on an XPS Kratos Axis Ultra-DLD
spectrophotometer with monochromatic Al X-ray at low pressures of
5 × 10−9 to 1 × 10−8 Torr.
Low-Energy Electron Diffraction (LEED) Measurement. The

crystalline structure of graphene grown on Cu(111)/sapphire was
characterized by microregion LEED (μ-LEED, selected area ∼5 μm) in
an Elmitec LEEM-III system (UHV base pressure <10−10 Torr). The
electron energy for LEED was fixed to 50 eV.
Sheet Resistance Measurement. The sheet resistance was measured

using a four-probe system (CDE ResMap 178) based on the four-point
probe method to eliminate contact resistance. Four metal probes were
aligned in a line at intervals of 1 mm.
Electrical Property Measurements. The graphene samples (grown

on both Cu(100) foil and Cu(111) thin film) were transferred onto
SiO2/Si substrates with marks for alignments. Then, graphene samples
were etched in Hall bar geometry (channel width of 2 μm, length
between bars of 5.5 μm) by using a PMMA etch mask from electron
beam lithography (EBL) (Raith 150 s) and reactive ion etching (RIE)
O2 etching (Trion Technology Minilock III). Finally, after using EBL to

design a PMMA mask, the samples were contacted with 5 nm Ti and
90 nm Au using an electron beam evaporator (Kurte J. Lesker AXXIS)
followed by a standard lift-off technique. Electric transport was carried
out at room temperature in a vacuum probe stration (Lakeshore TTP-4)
using a Keithly Semiconductor Characterization System (4200-SCS).

Theoretical Calculation.We consider monolayer graphene adher-
ing to various crystallographic planes of copper substrates, mimicking
their CVD condition. The graphene is initially flat at the depositing
temperature and is stress free. As the temperature decreases, the sheet is
subjected to compressive stress due to the thermal mismatch between
the graphene and the substrate. We perform large-scale MD simulations
using the massively parallel simulator (LAMMPS)62 to understand the
kinetic process. The adaptive intermolecular reactive empirical bond
order (AIREBO)63 potential is used to describe the interaction among
carbon atoms. The Cu−Cu interactions in the Cu substrate are repre-
sented by the embedded atom method (EAM) potential,64 which can
accurately describe the structural and mechanical properties of Cu and
is broadly used. The interaction between graphene and Cu substrate
is described by the Lennard-Jones (L-J) potential V(r) = 4ε-(σ12/r12 −
σ6/r6). Here ε and σ are two L-J parameters that determine the depth of
the potential well and the position of zero potential, respectively, and r is
the distance between two atoms. In our MD simulations, we use ε =
0.0168 eV and σ = 2.2 Å. Such a potential is widely used to capture the
van der Waals interaction between graphene and the Cu substrate.65,66

When the film and substrate system cools from 1300 K to room
temperature (300 K), it imposes a thermal mismatch strain, which is
approximately 2.5%. We impose the thermal strain and then relax the
system at 300 K to examine the dynamic profile of the graphene.
Periodical boundary condition was applied in the x and y directions
(Supporting Information Figure S30). The Cu substrate is sufficiently
thick (4 nm) to avoid boundary interference. We simulated the cases of
graphene on three crystallographic Cu substrate surfaces, Cu(100),
Cu(110), and Cu(111) surface, whose areas are 66.6 nm by 61.7 nm,
66.6 nm by 66.9 nm, and 67.6 nm by 66.9 nm, respectively. The stable
morphology is obtained until the relative variation of potential energy of
the system is less than 0.002%. All our simulations were run in an NVT
ensemble using a Nose-Hoover thermostat, and the time step was 0.5 fs.
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