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Transfer-Enabled Fabrication of Graphene Wrinkle Arrays

for Epitaxial Growth of AIN Films
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Formation of graphene wrinkle arrays can periodically alter the electrical prop-
erties and chemical reactivity of graphene, which is promising for numerous
applications. However, large-area fabrication of graphene wrinkle arrays
remains unachievable with a high density and defined orientations, especially
on rigid substrates. Herein, relying on the understanding of the formation

modify graphene properties, is promising
for many applications.3! In this regard,
as an efficient approach to tune surface
and optical properties,’] and to alter the
chemical reactivity due to the presence of
strong strain,/~’lgraphene wrinkle can be

mechanism of transfer-related graphene wrinkles, the graphene wrinkle arrays
are fabricated without altering the crystalline orientation of entire graphene
films. The choice of the transfer medium that has poor wettability on the corru-
gated surface of graphene is proven to be the key for the formation of wrinkles.
This work provides a deep understanding of formation process of transfer-
related graphene wrinkles and opens up a new way for periodically modifying
the surface properties of graphene for potential applications, including direct
growth of AIN epilayers and deep ultraviolet light emitting diodes.

1. Introduction

Graphene has been attracting the academic and industrial
interests owing to its promising properties and potential appli-
cations.'? Patterning of graphene, which can periodically

formed by the collapsing or the folding of
graphene geometrically.'”! Furthermore,
free of dangling bonds, graphene is an
ideal buffer layer for the epitaxial growth
of functional materials, which is, however,
strongly hindered by the difficulty of sur-
face nucleation.""?) With enhanced reac-
tivity, graphene wrinkles would function
as the nucleation centers, and facilitate
the rapid growth of epitaxial layers. There-
fore, to periodically modify the properties
and reactivity of graphene, the controllable
formation of graphene wrinkle arrays with a high density and
defined orientations is highly important. Applying the tension
and compression loading™*!¥l or substrate engineering!!>! can
be employed to fabricate the wrinkle arrays; however, the target
substrates are limited to be the soft ones, such as polymer.
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Recently, chemical vapor deposition (CVD) approaches have
been widely used to produce large-area graphene films, and
both the high-temperature growth and subsequent transfer pro-
cess can produce wrinkles on rigid substrates.”1® The growth-
related wrinkles are usually randomly orientated, while the
transfer-related ones are still suffering from a low density.

Here, by unveiling the formation mechanism of transfer-
related wrinkles, the successful fabrication of graphene
wrinkle arrays on inch-sized SiO,/Si and sapphire substrates
was achieved by using poly(propylene carbonate) (PPC)! as
the transfer medium. The poor wettability of PPC on the cor-
rugated surfaces of graphene on Cu ensures the presence of
suspended graphene regions that are not supported by PPC
during the transfer, which eventually leads to the formation of
graphene wrinkles. The direction of wrinkle arrays was found
to be determined by the orientation of the Cu step bunches
(CuSBs), and the density of wrinkle can be as high as 10 wrin-
kles per pum?. The as-fabricated graphene wrinkle arrays would
function as the buffer layers for the epitaxial growth of AIN, in
which the presence of wrinkles would promote the nucleation
and uniform growth of AIN with low strain level and improved
lateral growth rates. Our work provides a deep understanding
of formation mechanism of transfer-related graphene wrinkles
and delivers a new approach for periodically altering the sur-
face properties of graphene.

2. Results and Discussion

The conventional graphene transfer process should include
the coating of the transfer medium on graphene surface, the
delamination of graphene from the growth substrates, the lami-
nation of graphene onto target substrates, and the removal of
the transfer medium.?% Owing to the high flexibility of gra-
phene, the as-grown graphene would copy the surface structure
of underlying Cu substrates to form a conformal contact. After
the removal of Cu substrates, the graphene would only contact
with the transfer medium. In this regard, the interfacial contact
between the graphene and transfer medium after the removal
of Cu would determine the formation of cracks and wrin-
Kkles.%2 In turn, the surface structure of Cu could influence
the contact between graphene and transfer medium, because
the initial structure of graphene would be determined by Cu.
We first investigate the relation between the Cu surface struc-
ture and the formation of transfer-related wrinkles. Usually,
since the growth temperature of graphene is near the melting
points of Cu, a corrugated surface with a high density of CuSBs
is clearly visible in the atomic force microscopy (AFM) image
of graphene on Cu directly after the CVD growth (Figure 1a;
Figure S1, Supporting Information).??! In detail, CuSBs appear
periodically over the entire Cu surface, with an average density
of 5 steps per um? and an average step height of 15.0 nm. The
CuSBs are usually well-oriented, and the orientation and sym-
metry are determined by the crystalline orientation of under-
lying Cu substrates.??24 To understand the role of Cu surface
characteristics on the formation of wrinkles, we also grew ultra-
flat graphene on sputtered single-crystal Cu on sapphire sub-
strates without visible sharp Cu steps (Figure 1b). We transfer
the different graphene samples using PPC as transfer medium.
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Clearly, high-density graphene wrinkles were formed after
transferring the graphene grown on corrugated Cu surfaces
onto SiO,/Si substrates, and the graphene wrinkles exhibit
a darker contrast in both optical microscopy (OM) (Inset,
Figure 1c) and scanning electron microscopy (SEM) images
(Figure 1c). Note that the formation of graphene wrinkle arrays
is possible for PPC with different molecular weights (Figure S2,
Supporting Information). Furthermore, inch-sized fabrication
of graphene wrinkle arrays was achieved on SiO,/Si wafer and
sapphire (Figure S3, Supporting Information). In clear contrast,
almost no graphene wrinkles were observed when transferring
the flat graphene grown on sputtered single-crystal Cu surface
(Figure 1d). Further visualization of the graphene wrinkles
was conducted by the AFM imaging. By carefully comparing
the OM image (Figure S4, Supporting Information) and corre-
sponding AFM images (Figure le; Figure S5, Supporting Infor-
mation) of the same region, it was revealed that more graphene
wrinkles which are invisible in OM images can be visualized
by AFM imaging, and these wrinkles exhibited smaller widths
than those of the optically visible wrinkles (Figure 1f). For the
wrinkles invisible in OM image, the average width and height
are 5-15 and 1-3 nm, while the average width is 40-160 nm and
height is 3-8 nm for the optically visible wrinkles (Figure S6,
Supporting Information). The density of wrinkles in the as-
transfer graphene films from corrugated Cu surface is 10 wrin-
kles per um?, which is clearly higher than the density of the
wrinkles in the graphene films transferred from the flat Cu
surface.

The folding of graphene films and the formation of wrin-
kles would lead to the accumulation of additional strains in
graphene films. In this regard, we used the Raman spectro-
scopy to probe the spatial distribution of strains in as-received
wrinkles arrays.?>) When graphene is subjected to the strain,
the strain-induced anisotropy of the electron band structure
and phonon dispersion can be well represented on its 2D
peaks of the Raman spectra, by altering the bandwidth of the
2D peak.?5-28 Figure 1g shows typical Raman spectra of the
regions with and without graphene wrinkles. Clearly, the full
width at half maximum (FWHM) of 2D band of region in pres-
ence of wrinkles is 65 cm™, higher than the 53 cm™ of flat
graphene region, indicating the enhanced strain level in gra-
phene wrinkles.*! Figure 1h shows the corresponding Raman
mapping of FWHM (2D), also confirming the enhanced strain
level in the winkled regions (Figure 1h). In order to quantita-
tively determine the strain level, we plotted the corresponding
2D peak position (@,p) as a function of G peak position (wg)
(Figure 1i). Owing to the different strain- and charge-sensitivity
of wg and @,p, we can separate the strain and charge effects
in graphene by the decomposition of strain and doping vec-
tors, according to the previous report.?’! In detail, the fractional
variation caused by the doping, (Aw,p/Awg),, and the fractional
variation caused by the strain, (Aw,p/Ax), is set to be 2.2 and
0.7, respectively, according to the reference.?’l Note that the ¢
(1581.6 + 0.2 cm™) and @,p (2676.9 £ 0.7 cm™) of free-standing
graphene (O) is used as the original point, which is free of addi-
tional charging and strain.®l Therefore, it is possible to exact
the strain level of every single point (P) by analyzing the projec-
tion of the vector (OP) on the line with slop of 2.2 (Figure 1i).
Clearly, the results of flat graphene transferred from flat Cu
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Figure 1. Preparation of transfer-induced graphene wrinkle arrays. a,b) AFM images of as-grown graphene films on Cu foil with CuSBs (a) and on flat
Cu substrates (b). ¢c,d) SEM images of as-transferred graphene films on SiO,/Si, which are grown on Cu foil with CuSBs (c) and on flat Cu substrates
(d). Inset: corresponding OM images. The graphene crack in (d) is used to exhibit the contrast difference between graphene and substrates. ) Repre-
sentative AFM image of as-received graphene wrinkle arrays transferred by using PPC as support layer. f) Statistics of the transferred graphene wrinkles
that are visible in optical images (red), and detectable in AFM images. Each data was extracted from the OM image and corresponding AFM image of
5% 5 um? graphene transferred on SiO,/Si substrate. Inset: representative AFM image of wrinkles that is invisible in OM image but detectable in AFM
imaging. g) Raman spectra of region with graphene wrinkles (red) and flat graphene region (blue). h) Raman mapping of FWHM of 2D band region
of as-transferred graphene wrinkles. The locations of the wrinkle are clearly visible in Raman mapping. i) Correlation between the frequencies of the G
and 2D peak positions of wrinkled (red), and flat graphene films (blue) that were prepared by the transfer of graphene grown on flat Cu surface. The
data were obtained from corresponding Raman mapping results in (h). The black dot (@ at 1582 cm™, @,p at 2677 cm™) is the value for freestanding

graphene taken from the literature.l?’]

surface was closer to the result of free-standing graphene with
a relatively low hole-doping, presumably owing to the water-
and oxygen-doping introduced during the transfer. In contrast,
the wrinkled graphene exhibited an enhanced level of strain.
Assuming that the graphene undergoes biaxial strains, we cal-
culated that the strain of wrinkled graphene range from 0.71%
(tensile strain) to —0.07% (compressive strain).

The formation of graphene wrinkle arrays is highly related
to the surface structures of Cu before the transfer. It was found
that the choice of the transfer medium would also influence
the wrinkle formation. The graphene films transferred with
the assistance of polymethyl methacrylate (PMMA) exhib-
ited a lower density of wrinkles than the density of wrinkles
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in graphene films transferred by PPC (Figure S7, Supporting
Information). To understanding the underlying reasons, after
the coating of the transfer medium (PPC or PMMA) on gra-
phene/Cu, we subsequently laminated thermal release tape
(TRT) onto the surface of the polymer, and after the delamina-
tion of graphene from the Cu surfaces, we probed the surface
structure of graphene on the transfer medium. Interestingly,
when transferring graphene with the assistance of PMMA, the
corrugated structure of graphene retains, while the corrugated
structure disappears when PPC is used as transfer medium
(Figure S8, Supporting Information). The ability to retain the
surface structure indicates the conformal contact between gra-
phene and PMMA. In contrast, the poor wettability of PPC
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Figure 2. Formation mechanism of graphene wrinkle arrays. a) Schematic illustration of the formation mechanism of wrinkle arrays. The two reasons,
growth of graphene on corrugated Cu surfaces and the poor wettability of PPC on the corrugated surfaces, contribute to the formation of graphene
wrinkles. b) AFM image of as-grown graphene films on Cu (111) surface. c¢) SEM image of graphene wrinkle arrays with sixfold symmetry on SiO,/Si
substrates transferred from Cu (111) crystal faces. d) AFM image of as-grown graphene films on Cu (100) surface. e) SEM image of graphene wrinkle
arrays with fourfold symmetry on SiO,/Si substrates transferred from Cu (100) crystal faces.

on the surface of graphene would make the graphene par-
tially suspended after the removal of supporting Cu substrates
(Figure S9, Supporting Information). This would result in the
disappearance of the corrugated Cu structure. Because the sus-
pended graphene is more prone to be folded when undergoing
the interfacial force, the presence of partially suspended gra-
phene that is not supported by PPC would contribute to the for-
mation of graphene wrinkles, especially when graphene is lam-
inated onto the SiO,/Si substrates, as illustrated in Figure 2a.

Based on the above formation mechanism of graphene wrin-
Kkles, the symmetry and orientation of CuSBs would determine
the corresponding symmetry and orientation of the graphene
wrinkles. Taking Cu (111) and Cu (100) as examples: owing to
the sixfold hexagonal symmetry of the Cu (111) surface, the as-
formed Cu steps after the high-temperature surface reconstruc-
tions also exhibit a hexagonal symmetry, as evidenced by the
AFM image of graphene grown on Cu(111) (Figure 2b).B% In
contrast, the AFM image of graphene grown on Cu (100) sub-
strate indicates the presence of CuSBs with a fourfold symmetry
(Figure 2d). We transferred both the graphene films grown on
Cu (111) and Cu (100) onto the SiO,/Si substrate using PPC.
The crystalline orientation of Cu (111) and Cu (100) foils was
confirmed by electron backscatter diffraction (EBSD) measure-
ments (Figure S10, Supporting Information). As expected, the
symmetry of the wrinkles is consistent with the symmetry of
CuSBs (Figure 2c,e), also confirming the contribution of Cu
steps to the formation of wrinkles. Therefore, based on the
above observations, we are capable of tuning the symmetry and
orientation of graphene wrinkle array by growing graphene on
different single-crystal Cu surfaces.?¥ It can be also possible
to engineer the wetting angle between graphene and PPC
to achieve the controllability of graphene wrinkle arrays
(Figure S11, Supporting Information).
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High-resolution transmission electron microscopy (HR-
TEM) imaging was conducted to probe the crystalline orienta-
tion of graphene wrinkle arrays. Both the graphene grown on
Cu (111) and Cu (100) with corrugated surfaces were transferred
to holey TEM grids using PPC as the transfer medium. As
shown in the corresponding low-magnification TEM images
(Figure 3a,b), the wrinkle arrays with six- and fourfold sym-
metry are formed on the as-transferred graphene films grown
on Cu (111) and Cu (100) surface, respectively. We can locate the
wrinkle based on the slight contrast difference in TEM images,
which is caused by the layer number difference between gra-
phene wrinkle and flat graphene region (Figure 3c), and the
width of wrinkle is around 100 nm. To probe the lattice ori-
entation of graphene wrinkle arrays, we carried out a series
of selected area electron diffraction (SAED) measurements on
points across the graphene wrinkles. Note that because the
width of the graphene wrinkle is usually less than 100 nm, and
the smallest size of the examined regions using SAED pattern
is 200 nm, the SAED results of the wrinkled region should
include the contribution from the nearby flat regions. Clearly,
the patterns collected from the wrinkled region and nearby flat
regions exhibit almost same orientation (Figure 3d—f), indi-
cating that the formation of the wrinkles would not alter the
crystalline orientation of the graphene film, and the single-
crystal nature of entire graphene film retains. This conclusion
is also supported by the high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) observa-
tions (Figure 3g), where graphene on both sides of the wrinkle
exhibit same lattice orientation in the atomically resolved
images (Figure 3h,i; Figure S12, Supporting Information).

Using PPC as transfer medium, we prepared the graphene
wrinkle arrays on sapphire substrates, so that graphene wrinkle
arrays can function as the substrates for the epitaxial growth of
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Figure 3. Crystalline orientation of graphene wrinkle arrays. a,b) Low-magnification TEM images of the graphene membrane transferred on a TEM
grid. The graphene was grown on Cu (111) (a) and Cu (100) (b) surfaces, respectively. The dashed line highlights the angles of the as-formed wrinkles.
¢) High-magnification TEM image of graphene winkles, region I, 11l are flat graphene regions, while region II highlighted by the dash line is the gra-
phene wrinkle with a little darker contrast. d—f) Corresponding SAED patterns results collected from the regions (I, 11, I11) shown in (c). The region in
the presence of graphene wrinkles would contain more polymer residues in comparison with the flat region. This observation verifies that the polymer
residues will influence the imaging quality of SAED patterns of graphene wrinkles. g) The HAADF-STEM image of wrinkle, while graphene wrinkle shows
a lighter contrast. h,i) Corresponding HAADF-STEM images of the two marked regions (I, 1) in (g), showing the atomic arrangement of graphene
lattice. Inset of (h) and (i): Fast Fourier Transform (FFT) of the graphene with atomic resolution, revealing the similar graphene lattice direction on

both sides of the graphene wrinkle.

AIN, which can be further used for the light-emitting diodes
(LEDs)-based applications.!l In this regard, graphene films,
acting as buffer layers, can effectively release the strain in AIN
to improve the performance of LEDs.fl N, plasma pretreat-
ment of graphene films was conducted to produce nucleation
centers for the AIN growth.?2 Caused by the high strain level,
the reactivity with the N, plasma would be highly enhanced in
the presence of wrinkles. This would produce more nucleation
centers to facilitate the nucleation of AIN epitaxial layer. The
temporal evolution of the as-grown AIN epitaxial layer was pre-
sented in Figure 4a—c, where the different growth behaviors of
AIN on the region in presence of graphene wrinkles, flat gra-
phene region, and bare sapphire region are clearly observable.
After 10 min growth of AIN, more AIN domains were formed
on the region covered by graphene than those on bare sapphire
regions, confirming the presence of graphene would enable the
nucleation of AIN (Figure 4a; Figure S13, Supporting Informa-
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tion). Furthermore, in graphene wrinkle region, the as-grown
AIN domains nearly coalesced together, and the size of indi-
vidual AIN domains exceed 500 nm. In clear contrast, the size
of isolated AIN domains grown on flat graphene regions is lim-
ited to less than 200 nm, indicating the different lateral growth
rates of AIN. This difference of growth rates should be caused
by the enhanced adsorption of coming AIN particles owing to
the presence of strain-rich wrinkles. After 20 min growth, a flat
AIN film had been already formed on the region with graphene
wrinkles, while in the flat graphene region, the coalescence of
individual AIN domains into a flat film is still not observable
(Figure 4b).

Figure 4c displays the change of the area ratio of the regions
covered by AIN domains larger than 500 nm with the growth
time, since the AIN domains would nearly laterally coalesced
together to obtain a flat surface when their sizes exceed 500 nm.
In detail, after 6 min growth, this area ratio in the region with
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Figure 4. Effects of the graphene wrinkle arrays as buffer layer on the growth speed and strains in AIN. a) SEM image of the as-grown AIN on graphene
wrinkle arrays after 10 min epitaxial growth of AIN. Clear, the AIN nearly fully cover the region with graphene wrinkles, in comparison with the region
covered by graphene and bare sapphire region. The wrinkle region is highlighted by red dash line. Inset: SEM image of AIN domain grown on bare
sapphire region. b) SEM image of the as-grown AIN on graphene wrinkle arrays after 20 min epitaxial growth of AIN. This observation indicated that
the as-grown AIN epitaxial layer turn flat faster after 20 min growth, where other regions are still covered by isolated AIN domains without coalescence.
c) Area ratio of regions covered by AIN domains larger than 500 nm as function as the growth time. Note than, the AIN domains would be coalesced
together to obtain a flat surface, when their sizes exceed 500 nm. d) Raman spectra of flat region (blue), graphene wrinkles region (red), and bare
sapphire region (black) after the 6 min epitaxial growth of AIN. e) Raman peak position of E, (high) of as-grown AIN on flat region (blue), graphene
wrinkles region (red) at different growth times. f) Raman mapping of E, (high) peak position of graphene wrinkle arrays region after the 60 min epitaxial
growth of AIN, which showed that, at a large scale, with the help of graphene wrinkle arrays the E, (high) peak of AIN was much closer to the pristine

one compared to our previous work.3¢l

the graphene wrinkles is 99.8% indicating the coalescence of
nearby AIN domains, while the area ratio is only 2.8% in the flat
graphene region. After the 12 min growth of AIN, the area ratio
in wrinkled region arrived 100% indicating the full coalescence
of AIN domains; however, this area ratio is still only 28.1% in
flat graphene regions. Only after 30 min growth, it would arrive
100% in flat graphene region. The above observation indicates
that the presence of wrinkles would facilitate the lateral growth
of AIN and enable the fast coalescence of AIN domains to obtain
a flat surface, which clearly highlighting the importance of pre-
paring graphene wrinkle arrays for the epitaxial growth of AIN.

We used Raman spectroscopy to further evaluate the strain
level of as-grown AIN films.B3% For AIN, the representative peaks
are located around 248.0 cm™ (E, (low)), 6570 cm™ (E, (high)),
and 890.0 cm™ (A; (LO)), respectively.?#3% The strain-sensitive
E, (high) peaks in AIN/wrinkle/sapphire region were located
at a wavenumber of =65721 cm™, much closer to bulk AIN
(=6570 cm™) and lower than that of AIN/flat graphene/sapphire
(=658.9 cm™) and AIN grown on bare sapphire (=661.2 cm™)
(Figure 4d). This demonstrates that the compressive strain in
AIN was relaxed.

By carefully analyzing the wavenumbers of as-received AIN
E, (high) peaks after different growth times, we found that the
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E, (high) peak position of as-grown AIN on graphene wrinkle
only exhibits minor changes during the entire 60 min growth,
which suggests that the compressive strain in AIN is continu-
ously relaxed during the growth process (Figure 4e). But for
AIN on flat graphene, the strain of AIN evolved from the ini-
tial compressive strain (658.9 cm™, 6 min) to the tensile strain
(654.9 cm™, 20 min), and finally to the compressive strain
again (658.4 cm™, 60 min) (Figure 4e; Figure S14, Supporting
Information). It has been reported that the coalescence of AIN
domains will introduce tensile strain, which is highly related
to the corresponding AIN domain size.’®l The AIN domains
formed on graphene wrinkles coalesced in the early growth
stage; therefore the accumulation of the tensile strain caused by
domain coalescence would be small in the subsequent growth
process. In contrast, the coalescence of AIN domains on flat
graphene region is not complete before 30 min growth, which
would result in the accumulation of tensile strain. When the
AIN film reaches a certain thickness, the tensile strain would
be partially released by the formation of defects, such as dis-
locations. Furthermore, the compressive strain caused by
thermal mismatch would be dominant after the formation of
thick and flat AIN film. Therefore, the tensile strain of AIN
films grown on flat graphene would be finally compensated by

© 2021 Wiley-VCH GmbH
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the formation of dislocation and thermal mismatch. The cor-
responding Raman mapping (10 pum x 10 um) of the E, (high)
peak of as-grown AIN on graphene wrinkle arrays after 60-min
growth shows that the E, (high) peak of AIN is much closer
to the pristine AIN compared to previous work.””! Clearly, the
formation of graphene wrinkle arrays would reduce AIN strain
caused by the lattice and thermal mismatch between substrate
and epitaxial layer.['®]

3. Conclusion

In summary, we have unveiled that the corrugated structure
of as-grown graphene and the poor wettability of PPC on gra-
phene surface would altogether enable the formation of gra-
phene wrinkle arrays during the transfer process. The direction
of wrinkle arrays can be determined by the atomic arrangement
of Cu steps, and the density of the wrinkle can be improved to
10 wrinkles per um?. The crystalline orientation of the entire
graphene films would retain after the formation of wrinkle
arrays. Furthermore, as-received graphene wrinkle arrays would
function as the buffer layer for the epitaxial growth of AlN, in
which the fast lateral growth and coalescence of AIN epitaxial
layer become possible. Our revelation of formation mechanism
of transfer-related wrinkles would promote further research on
the wrinkle-free transfer of graphene, as well as the periodic
modification of graphene properties.

4. Experimental Section

Preparations of CVD Graphene Membranes: The high-temperature CVD
growth of graphene films was carried out in a 6-inch quartz tube at low
pressure. The heating-up and the annealing stage (1020 °C, 30 min) were
both conducted under a flow of Ar (500 sccm, 1000 Pa), during which
active site of Cu would be efficiently passivated for growing graphene
films with larger domain sizes.

For CVD growth of graphene, the temperature was kept at
1020 °C. A gas mixture of H, (500 sccm), Ar (500 sccm), and CH,
(0.8 sccm) was introduced into the hot zone to initiate the growth of
graphene with a pressure of 1000 Pa. After 1 h of growth, the system was
rapidly cooled to room temperature under the same atmosphere.

PPC-Assisted Transfer of Graphene: PPC-assisted transfer is composed
of the following steps—(a) PPC (molecular weight, 50 000) was
dissolved in anisole (a concentration of 0.1 g mL™), and the received
PPC solution was subsequently spin-coated on the top surface of CVD
graphene films under spin coating rate of 1000 rpm for 60 s. Then,
the PPC layer was cured at 60 °C, followed by the removal of the other
side of the graphene by an O, plasma etching. (b) The graphene
films were floated on aqueous Na,S,0g (1 Mol L") to etch away the
Cu foils, followed by rinsing the films (PPC/graphene) with deionized
(DI) water. (c) The target substrate (SiO,/Si substrate) was then used
to scoop the PPC-supported graphene films from deionized water.
Subsequently, the as-received films drying at room temperature were
conducted for more than 6 h to remove the water. (d) Finally, the PPC
layer was removed by soaking the sample in an acetone bath, leaving
behind graphene on the SiO,/Si substrate after cleaning the sample
with fresh acetone.

Growth of Flat Single-Crystal Graphene Wafers: Cu (111) single-crystal
films were prepared by magnetron sputtering of Cu onto sapphire
substrates (a-Al,03 (0001)). In this regard, the main conditions include
radio frequency (RF) power of 500 W, basal pressure of 4 x 107 Torr.
Deposition time of 30 min is sufficient to obtain 500-nm-thickness of
Cu film. Then, the Cu film was annealed in a high-temperature tubular
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furnace to improve the crystalline quality. The annealing was conducted
at atmospheric pressure under 500 sccm Ar and 10 sccm H, gas, at
500 °C for 1 h. Further annealing at 1000 °C was subsequently carried
out for 1 h. After the annealing of 1000 °C, the growth of graphene was
initiated by introduction of a gas mixture of H, (500 sccm), Ar (500 sccm),
and CH, (0.8 sccm), according to the reference.l

PMMA-Assisted Transfer of Graphene: The as-grown large-area
graphene films on flat Cu wafers were transferred onto SiO,/Si
substrates using PMMA as transfer medium. (a) The PMMA ((molecular
weight, 996 000) was dissolved in anisole with a concentration of
4 mg mL™", and was spin coated on graphene surface under a spin
coating rate of 2000 rpm s™'. PMMA films were subsequently cured by
heating the films at 170 °C for 3 min. (b) The Cu wafer was then etched
away by an aqueous solution of (NH,),S,0z (1 Mol L™). (c) The PMMA/
graphene stack was washed with deionized water, and placed on the
SiO,/Si substrate. (d) Finally, after the drying at atmosphere, the PMMA
layer was removed by soaking the sample in acetone bath.

AIN Growth: The growth of AIN film was grown on surface of
graphene using a low-pressure metalorganic chemical vapor deposition
(MOCVD) (=50 Torr) at 1200 °C. Trimethylaluminum (70 sccm) and NH;
(500 sccm) were used as the Al and N precursors, and H, (12 SLM)
as the carrier gas. The growth is a one-step process, and the growth of
AIN with 100-nm-thickness require 6 min while T-um-thickness AIN need
around 60 min growth.

Characterization: OM (Nikon Eclipse LV100), SEM (Hitachi S-4800,
acceleration voltage 5-30 kV) were used to characterize the morphology
and structure of the graphene films transferred onto a SiO, (300 nm
thick)/Si substrate. TEM images and SAED patterns were collected
using FEI Tecnai F30 (at 300 keV electron energy) and an aberration-
corrected TEM (Nion U-HERMES200; at 60 keV electron energy). AFM
(Bruker dimension icon) was used to characterize the surface roughness
of the graphene grown on Cu, and the graphene transferred onto the
SiO,/Si substrate with ScanAsyst mode. Raman characterization were
conducted to analysis the strain and doping of graphene wrinkle array
using Horiba, LabRAM HR-800, excited by a 532 nm laser.

Supporting Information

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