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Anisotropic Strain Relaxation of Graphene by Corrugation

on Copper Crystal Surfaces

Bing Deng, Juanxia Wu, Shishu Zhang, Yue Qi, Liming Zheng, Hao Yang, Jilin Tang,
Lianming Tong, Jin Zhang, Zhongfan Liu,* and Hailin Peng*

Corrugation is a ubiquitous phenomenon for graphene grown on metal
substrates by chemical vapor deposition, which greatly affects the electrical,
mechanical, and chemical properties. Recent years have witnessed great
progress in controlled growth of large graphene single crystals; however,
the issue of surface roughness is far from being addressed. Here, the
corrugation at the interface of copper (Cu) and graphene, including Cu step
bunches (CuSB) and graphene wrinkles, are investigated and ascribed to the
anisotropic strain relaxation. It is found that the corrugation is strongly
dependent on Cu crystallographic orientations, specifically, the packed
density and anisotropic atomic configuration. Dense Cu step bunches

are prone to form on loose packed faces due to the instability of surface
dynamics. On an anisotropic Cu crystal surface, Cu step bunches and
graphene wrinkles are formed in two perpendicular directions to release

the anisotropic interfacial stress, as revealed by morphology imaging and
vibrational analysis. Cu(111) is a suitable crystal face for growth of ultraflat
graphene with roughness as low as 0.20 nm. It is believed the findings

will contribute to clarifying the interplay between graphene and Cu crystal
faces, and reducing surface roughness of graphene by engineering the
crystallographic orientation of Cu substrates.

Surface corrugation is a common phe-
nomenon for heteroepitaxial growth of
thin films on substrates, which is related
to the stress-induced morphological insta-
bility due to the mismatch in mechan-
ical properties, i.e., lattice mismatch or
thermal mismatch.'”l This phenomenon
is more obvious for epitaxial growth of
graphene, the 2D crystal to the limita-
tion of thickness, on metal substrates by
chemical vapor deposition (CVD). The
ultimate flexibility of graphene enables the
growth of intact graphene layers on sub-
strates which have large lattice mismatch
with graphene.l’l However, the thermal
mismatch-induced stress during cooling
cannot be avoidable.

For graphene grown on Cu substrates,
a temperature as high as =1000 °C is
required for activating carbon precur-
sors and initiating the growth. At this
temperature, graphene is conformal
with Cu substrates and free of stress.

siidl

During cooling, the mismatch in thermal

expansion  coefficient between gra-
phene (negative, Ogaphene = =7 X 107 K™)*31 and Cu (positive,
Ocy = 18 x 107® K!) induces strong thermal stress at the
interface of graphene/Cu. This means two sides of a coin: Cu
substrate is under tensile stress exerted by the thermal expan-
sion of graphene, and graphene is under compressive stress
exerted by the thermal contraction of Cu substrate. Accord-
ingly, two correlative effects coexist: Cu undergoes surface
roughening,[*# and graphene bulks to form wrinkles.>%Upon
transfer of graphene onto target substrates (e.g., SiO,/Si), con-
ventional methods cannot iron out the corrugated graphene
conformal to the rough Cu substrates.['"12l Hence, two types of
surface roughness are ubiquitous: growth induced wrinkles,!**!
and transfer induced nanoripples.'?l Graphene wrinkles can
degrade mobility">'* and result in anisotropic electrical trans-
port.'313] Hence, smoothing out graphene wrinkles to fabricate
the ultraflat samples are highly required for improving the elec-
trical performance.

To eliminate these wrinkles, it is necessary to reveal the
key factors determining the corrugation process, including
Cu surface roughening and graphene wrinkling. Many factors
were proved to play a role, including sublimation of Cu at high
temperature,l'® intrinsic flatness of Cu substrate,l'”) crystal-
line orientation of Cu,'® graphene layers,® and cooling rate.l'"]
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Considering the distinct atomic configurations of Cu crystal
surfaces, both strain level and direction are different for gra-
phene grown on them. Recently, a few groups have reported
that graphene grown on Cu(111) can be free of wrinkle due
to the strong interfacial coupling?” or large friction forcel?!
between graphene and Cu(111). However, the detailed cor-
rugation process of graphene on various Cu crystal surfaces,
including the existence and extent of step bunches, the dis-
tribution of graphene wrinkles, and their relationship for the
strain relaxation, are not fully revealed.

Here, the corrugation phenomena of graphene grown on
Cu crystal faces were investigated and ascribed to anisotropic
strain relaxation. We found that Cu surface deformation
induced by releasing thermal stress was highly related to the
packed density and atomic configuration of Cu substrates. For
Cu(111) as the closest packed crystal face, the surface rough-
ening was ignorable; in contrast, for loose packed Cu crystal
faces, including Cu(100) and Cu(110), nanoscale periodic step
bunches formed on the surfaces. This difference was attributed
to the surface stability depending on the packed density of Cu
crystal faces. On a loose packed Cu surface, anisotropic strain
relaxation was observed: dense Cu step bunches formed along
the loose packed lattice direction of Cu, and graphene wrinkles
formed by delaminating from Cu in the perpendicular direc-
tion. Surface roughening is an effective way to release strain.
Therefore, the remaining strain of graphene on corrugated Cu
crystal surfaces is smaller than that on flat surfaces. The strain
difference may account for the variation in oxidation behavior
of graphene coated Cu crystal faces. Our findings will con-
tribute to interpreting the interplay between graphene and Cu
crystal faces, and engineering Cu substrates for ultrasmooth
graphene growth.

The relevance of Cu surface roughening with crystallo-
graphic orientation of Cu was revealed combining scanning
electron microscopy (SEM) and electron back scattering diffrac-
tion (EBSD). The SEM image of graphene grown on Cu using
low pressure CVD showed two types of roughness features
(Figure 1a), that is, periodic CuSB (red arrows) and linear gra-
phene wrinkles (yellow arrows). According to the EBSD image
at the same region (Figure 1b), the correlation between Cu crys-
tallographic orientations and CuSB was revealed. Except the flat
Cu(111) crystal face, obvious CuSB with varied degree and orien-
tation existed on other crystal faces, including Cu(100), Cu(110)
(Figure 1a), and other high-index crystal faces (Figure S3,
Supporting Information). In addition, graphene wrinkles can
cross over Cu grain boundaries and existed on all crystal sur-
faces (Figure 1la). More interestingly, on a specific Cu domain,
the distribution of CuSB and graphene wrinkles was ani-
sotropic. The isolated wrinkles were roughly vertical to the
densely aligned CuSB, as identified by both SEM (Figure 1c;
and Figure S4a, Supporting Information) and atomic force
microscopy (AFM) images (Figure 1d; and Figure S4b, Sup-
porting Information). The width and height of the wrinkle in
Figure 1d were about 20 and 0.6 nm, respectively, indicating
the folded structure.[!3]

The correlation between Cu surface roughening and Cu
crystal faces is explained by Cu surface dynamics. The corru-
gation process of graphene on Cu is illustrated in Figure le,f.
When Cu is heated up to the temperature near its melting
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point (T;,), some outmost surface atoms become “quasiliquid”
due to surface premelting.?>?°l This phenomenon was in situ
observed by environmental SEM (ESEM) during graphene
growth on Cu.l?%l The surface premelting is related to the crys-
tallographic orientation: the surface stability of Cu crystal faces
against disordering follows the order of packed density.?’]
The atomic configurations of Cu(111), Cu(100), Cu(110), and
Cu(103) are shown in Figure S5 (Supporting Information). As
the closest packed crystal face, Cu(111) keeps crystalline state
up to T, = 1084 °C.12%l Other low-index crystal faces of Cu(100)
and Cu(110), and high-index faces undergo surface premelting
with varied initiated temperature and thickness of premelting
layer.?”! During cooling in the CVD process, the thermal mis-
match between Cu and graphene induces strong tensile strain
on Cu surfaces.®”] As a result, the Cu surface underwent sur-
face roughening by solidifying the premelting layer. In the case
of Cu(111) without premelting layer, the stress exerted by gra-
phene might be not large enough to induce obvious surface
reconstruction. Hence, Cu(111) is the best crystal face for step
bunch-free and ultrasmooth graphene growth.

The orientation of Cu step bunches depends on the lattice
direction of underlying Cu crystal faces. In particular, the ori-
entation of CuSB is the same inside a Cu domain (Figure 1a;
and Figure S6, Supporting Information), and varied across the
Cu grain boundaries (Figure la; and Figure S7, Supporting
Information). Surface roughening of Cu(100) was investigated
to clarify the orientation relationship between CuSB and Cu lat-
tice direction. A Cu domain was verified to be (100)-oriented
by EBSD (Figure 2a). SEM image of the same region showed
isolated graphene islands aligned in two perpendicular direc-
tions (Figure 2b), consistent with previous statement that gra-
phene nucleated along the directions of Cu[110] and Cu[110]
on a Cu(100) substrate.?®2% The orientation of CuSB beneath
different graphene islands were the same independent of the
lattice direction of graphene (Figure 2c). The AFM image of the
Cu(100) surface showed the atomic steps in two perpendicular
orientation (Figure 2d), corresponding to the lattice vectors of
[110] and [110]. This is because Cu(100) crystal face is fourfold
symmetry, and tends to form atomic steps along lines where the
slip planes reach the surface. The AFM image at the edge region
of a graphene island on Cu(100) showed that the CuSB was
roughly parallel to one direction of Cu atomic steps (Figure 2e).
Hence, we conclude that the CuSB is formed along the direc-
tion of Cu[110] (or [110]) and independent of graphene lattice
orientation. As schematically shown in Figure 2f, under tensile
stress exerted by graphene during cooling, the premelting layer
on Cu surface solidified along the glide plane to enlarge the
surface due to the feasibility of deformation along this direction
(Figure S5b, Supporting Information).

The above analysis for CuSB formation on Cu(100) can be
generalized to other anisotropic crystal faces, such as Cu(110).
The CuSB on Cu(110) was parallel to the long axis of graphene
islands, which is also the lattice direction of Cu[101] (Figure S8,
Supporting Information). This is because Cu(110) crystal face
is twofold symmetry, and tends to reconstruct along the lat-
tice direction of [101] (Figure S5c, Supporting Information). In
sharp contrast, Cu(111) is a crystal face with sixfold symmetry,
and can form atomic steps in the directions of [110], [101], and
[001] (Figures S5a and S9c¢, Supporting Information). Most
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Figure 1. Corrugation of graphene grown on Cu substrates. a) SEM and b) EBSD images of graphene grown on polycrystalline Cu foil. The red, yellow,
and white arrows showed Cu step bunches, graphene wrinkles, and graphene adlayers, respectively. ) SEM image of a graphene wrinkle. d) AFM image
of a graphene wrinkle. Inset shows the line profile along the white line. ) Schematic of ultraflat graphene on Cu with a premelting layer. f) Schematic
of the corrugation process during cooling. The black and red arrows indicated the buckling of graphene and the surface roughening of Cu, respectively.
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Figure 2. Surface roughening of Cu(100) under the tensile stress of graphene. a) EBSD image of a Cu domain, showing the (100)-orientation. b) SEM
image of graphene islands at the same region in (a). c) Enlarged SEM images of graphene domains in (b). d) AFM image of Cu(100) face. e) AFM
image of a graphene edge on Cu(100). The yellow arrow shows the orientation of CuSB. f) Schematic of side view of Cu step bunches and intrinsic Cu

steps. The red lines shows the glide plane of Cu.

importantly, Cu(111) is the closest packed crystal face with
nearly negligible premelting behavior,?83% so the tensile stress
exerted by graphene does not induce obvious step bunching
behavior (Figure S9d—f, Supporting Information). As a result,
graphene grown on Cu(111) is very flat with the root-mean-
square (RMS) roughness as low as 0.20 nm.

The distinct surface reconstruction behaviors among Cu
crystal faces may affect the remaining strain of graphene
layers.®l We quantitatively investigated the correlation between
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Cu surface roughness and remaining strain of graphene by
combining morphology imaging and vibrational analysis. As
indicated in Figure 3a, the flat Cu domain and rough Cu domain
were separated by a deep Cu grain boundary groove.??l The as-
grown graphene was monolayer to exclude the effect of layers
on the surface roughening and strain relaxation!® (Figure S10,
Supporting Information). Figure 3b illustrated the height pro-
files on the flat and rough Cu domain. Line F was very flat; in
contrast, Line R showed that the CuSB was roughly periodic

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Strain relaxation of graphene by Cu surface roughening. a) AFM image of graphene covered Cu crystal faces with distinct roughness. b) AFM
height profiles of flat and rough region in (a). c) Enlarged AFM image of the blue dashed area in (a). Inset shows the height profile of the white line.
d) Raman spectra of the red and blue spots in (a). €) Aw,p—Awy correlation of the graphene in (a). The dashed line indicated the charge neutral line.

f) Compressive strain distribution mapping of the region in (a).

with height of =20 nm and wavelength of =475 nm. Accord-
ingly, the expansion ratio of the surface area of the rough Cu
domain compared to the hypothetically flat plane was about
0.53%, and the increased area on the flat Cu domain was ignor-
able. The flat Cu domain underwent tiny surface reconstruction
with Ra at =0.56 nm (Figure 3c). The line profile showed that
the largest reconstruction step on flat Cu domain is mere 2 nm
on the flat Cu domain, much smaller than that on the rough Cu
domain. The difference in surface reconstruction between the
two domains was ascribed to the distinct surface stability of Cu
crystal surfaces.

Raman spectrum is widely used to investigate the strain and
doping effect of graphene.l3%-32l These two effects can be sepa-
rated by correlated analysis of G and 2D bands, since the ratio
of the shift of @,y and ¢ (Aw,p/Awg) is very different.33] Biaxi-
ally strained graphene, either compressive or tensile, shows a
much larger ratio of (Aw,p/Awg)e?™@1I343] than that induced by
charge doping.333¢37] The representative Raman spectra of gra-
phene on flat and rough Cu domain were shown in Figure 3d.
Both D and G bands blueshifted compared to those of the
stress-free intrinsic graphene, which might be a coherent effect
of both strain and doping effect. Neither G nor 2D peaks exhib-
ited obvious splitting, indicating that biaxial strain is dominant
in both Cu domains. To exclude the doping effect, we plotted
Awg and Aw,p graph (Figure 3e). The dashed line indicated
the (Aw;p/Awg) without charge doping effect, which had a
slope of 2.8.34 The dot distribution indicated that the observed
blueshifts of G and 2D bands were dominated by compressive
strain. Note that the small deviation of plots away from the
slope was ascribed to the charge doping from underlying Cu
substrate or absorbents in air.*®¥ The dots measured from flat
area mainly distributed at the upper right compared to these
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measured from rough area, which clearly proved that graphene
on flat Cu domain was more compressively strained than that
on rough Cu domain. The average biaxial compressive strain
of graphene was =0.2% on the flat Cu domain, while the value
on the rough Cu was =0.1%. The strain mapping derived
from Raman spectra was shown in Figure 3f, well consistent
with morphology imaging by AFM (Figure 3a). Hence, the Cu
surface roughening contributed to releasing the thermal mis-
match-induced strain, and a small remaining strain level was
expected for graphene grown on corrugated Cu surfaces.

In addition, the formation of graphene wrinkles is the other
path for strain relaxation. The relationship between these two
approaches (i.e., Cu step bunches, graphene wrinkles) has not
been revealed yet. The strain relief associated with wrinkles
is demonstrated in Figure 4. Two parallel graphene wrinkles
were present on the Cu surface and perpendicular to CuSB
(Figure 4a). Raman spectra along the line scan (yellow line)
were measured to show the strain variation between the two
parallel wrinkles. In the position of wrinkles, the G band was
a single Lorentz peak and the peak position showed a minimal
(Figure 4b). Hence the strain was released in the vicinity of gra-
phene wrinkles, consistent with the strain relaxation in CVD
graphene grown on Co.’% In contrast, in the positions away
from wrinkles, the G band split into G* and G~ components,
indicating the uniaxial (or nonequibiaxial) strain in graphene
lattice (Figure 4b,c).?! The average shift of G* and G~ bands
in the regions away from wrinkles (i.e., the points between
3 and 14 um) are =1702.2 cm™ and =1583.78 cm™L. Supposing
the Griineisen parameter of d@../de ~—31.7 cm™/% and
dw- [ 0€ ~—10.8 cm™1/%,BY the measured G* and G~ bands
corresponded to compressive uniaxial strain of =0.70% and
=0.35%.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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oxidation behavior of Cu covered by graphene
under different strain fields. Graphene is
impermeable to any molecules and has the
potential as a perfect anticorrosion barrier.
However, whether graphene can protect the
underlying Cu substrates against oxidation
is still under debate.l***3] The as-grown gra-
phene on Cu was stored in air for 1 week, and
then characterized about the surface oxida-
tion using SEM and Auger electron spectros-
copy (AES). We found that the oxidation of Cu
was initiated from the position of graphene
wrinkles (Figure 5a). A nanochannel was sup-
posed to form in the position of wrinkles.
Hence, oxygen and water molecules might
penetrate into the interface between graphene
and Cu from the wrinkles to initiate the oxi-
dation process.[***1 Moreover, we found that
the oxidation of Cu had a strong correlation
with the surface roughness. The surfaces

Position (um)

G peak position along the arrow in (a).

Based on these observations, we can give a comprehensive
interpretation about the corrugation at the interface of gra-
phene/Cu substrates as the result of anisotropic strain relaxa-
tion (Figure le). At high temperature, the graphene grown
on Cu substrates is ultraflat and stress-free. During cooling,
thermal mismatch between graphene and Cu induce aniso-
tropic stress on anisotropic Cu crystal faces. The premelting
layer on Cu surface solidified according to its glide plane to
form aligned Cu step bunches to release strain in this direction.
The strain in the perpendicular direction cannot be released by
surface roughening. As a result, graphene delaminated from
the Cu substrate to form wrinkles once the accumulated strain
overcame the active energy. Moreover, the surface roughening
is an approach for global strain relaxation; in contrast, the gra-
phene wrinkles can only release the strain in very vicinity.

The strain state of graphene grown on polycrystalline Cu
is inhomogeneous and strongly correlated with Cu crystal
faces, step bunches and wrinkles. The nonuniform strain may
influence the properties of graphene. Here, we investigated the

0 2 46 8 10121416 18 1550 1500 1550 1600 1650 1700 1750
Raman Shift (cm-)

Figure 4. Strain variation around graphene wrinkles. a) SEM image of graphene grown on
Cu(100) foil. b) Raman spectra of graphene on the spots in (a). c) Spatial variation in Raman

with abundant CuSB were preferential to be
oxidized, while the flat Cu domain kept the
intrinsic state (Figure 5b,c). As mentioned
above, the graphene on rough Cu crystal faces
was relaxed to a less strained state, which cor-
responded to a large delamination and a weak
interfacial interaction. Hence, the relaxed
interface facilitated oxygen and water molecules diffusion on
the rough crystal faces to accelerate the oxidation process.*0#°]
In conclusion, the corrugation phenomena at the interface
of graphene and Cu, including Cu surface roughening and gra-
phene wrinkling, were attributed to the anisotropic thermal
strain relaxation. The Cu surface roughening is highly correlated
to Cu crystallographic orientations due to the distinct packed
density and anisotropic atomic configuration. Cu(111) is the
most stable crystal face with the least surface reconstruction.
Hence, graphene grown on Cu(111) is ultrasmooth with rough-
ness as low as 0.2 nm. On loose packed Cu crystal surfaces, on
the other hand, aligned Cu step bunches and graphene wrinkles
formed in perpendicular directions to release the anisotropic
strain. Accordingly, the remaining strain of graphene on less
corrugated Cu surface was larger, explaining the experimental
observation that Cu was prone to oxidize on the rough crystal
faces. A single crystal Cu(111) substrate is required for growing
ultrasmooth and homogenously strained graphene films. Since
the thermal mismatch-induced interfacial strain is common for

(C) C peak O peak
| W
3
W
% ——spotA
T ——spot B

200 300 400 500 600
Kinetic Energy (a.u.)

Figure 5. Oxidation behavior of Cu covered by graphene. a,b) SEM images of graphene/Cu after storage in air for one week. The white area indicated
the oxidation of Cu. c) AES spectra of graphene covered Cu in the positions in (b).

Small 2018, 14, 1800725

1800725 (5 of 7)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

hetero-epitaxial growth of materials, our findings may contribute to
interpreting the corrugation of other 2D materials, such as h-BN.

Experimental Section

Graphene Growth: Commercially available rolled Cu foils (25 um
thick, 99% purity, Shanghai Zhonglv Corporation) were electrochemically
polished in a electrolyte solution composed of phosphoric acid and
ethylene glycol (V/V = 3:1) with a voltage of 2 V for 30 min. The Cu
foil used for graphene growth was polycrystalline and atomically flat with
Ra of =0.16 nm after electrochemical polishing (Figure S1, Supporting
Information). Graphene growth was conducted in the hot center of
a furnace (Lindberg/Blue M) equipped with a 1 in. diameter quartz
tube. The system was first pumped to a base pressure of =5 Pa. Cu foil
was annealed at 1045 °C in 100 sccm H, with pressure of =100 Pa for
30 min for annealing. After Cu annealing, the domain size of Cu enlarged
to =100 um, and the Cu domains remained atomically flat except the
deep grain boundary grooves (Figure S2, Supporting Information). Then,
1 sccm CH, was introduced for 1-10 min for partially or fully covered
graphene growth. After growth, graphene/Cu foil was rapidly cooled
to room temperature at the speed of =200 °C min~' without changing
the gas flow. The as-synthesized graphene samples were characterized
immediately after growth in avoid of oxidation.

Characterization: Optical microscopy images were collected on Nikon,
Olympus LVIOOND. SEM images were obtained on a Hitachi S4800
field-emission scanning electron microscope. EBSD measurements were
carried out on AJEOLYSM-6500 F operated at 10 kV voltage with step size
of 2 um. AFM test was carried out on a Bruker Dimension Icon using
the tapping mode. Confocal Raman measurements were performed on
a )Y Horiba HR800 Raman system with 514 nm (2.41 eV) line from an
Ar* laser with laser spot size of T um. The laser power on the sample
was kept below 1 mW to avoid graphene heating. A 100 X objective and
600 lines mm™' grating (spectral resolution was about 1 cm™) were used
to collect Raman signal. AES was conducted on a ULVAX-PHI (PHI 710)
Auger system, with the voltage of 10 kV and beam current of 10 nA.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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