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A B S T R A C T

We propose a novel wallpapering-inspired strategy to create wrinkles in a desired location and direction of
single-layer graphene (Gr). The key to controlling the wrinkles is to regulate the permeation and release of
solution through a regular array of holes between the substrate surface and Gr-based thin membrane (Gr/Cu in
the first stage and Gr in the second stage). Microscopic analysis showed that neighboring holes were inter-
connected by straightened wrinkles with a width of 300–500 nm and height of 10–20 nm, while surface cor-
rugations (e.g., ripples and wrinkles) were suppressed on the planar regions surrounded by wrinkles. Wrinkling
mechanism was further verified by in-situ optical microscopy and comparative analysis of Gr/Cu ripples and Gr
wrinkles. Our approach is simple yet universally applicable to diverse types of thin membranes, thereby offering
a robust and versatile route to engineering properties of atomically thin materials.

1. Introduction

Wrinkling is a common phenomenon in thin membranes and can be
found in the macroscopic world (e.g., Earth’s mantle and wallpaper) as
well as atomically-thin two-dimensional (2D) materials [1], such as
graphene (Gr) [2–4]. It is well known that wrinkling occurs frequently
in Gr during chemical-vapor-deposition (CVD) growth due to differ-
ences between the thermal expansion coefficient of Gr and the substrate
[5]. In addition, a high density of ripples and wrinkles can be found
when Gr is transferred onto other substrates [6]. Such surface corru-
gations are often considered to be undesirable imperfections that de-
grade the intrinsic properties of Gr, such as carrier mobility and elec-
trical conductivity. Much effort has therefore been devoted to achieving
wrinkle-free Gr; representative examples include CVD growth on sub-
strates with a similar thermal expansion coefficient to Gr [7] and Gr
transfer using volatile liquids with low surface tension [8].

However, new light has recently been shed on the potential of wrinkles
in Gr [9–11]. Notably, these imperfections can modify electronic band
structure [12–14], induce pseudo-magnetic fields and polarized carrier
puddles [15], and provide additional mechanical flexibility [16,17], che-
mical reactivity [18], surface wettability [19,20], and heat resistivity
[21–23]. To take full advantage of these opportunities, however, it is
prerequisite to understand and control wrinkle formation in Gr. In this
context, several studies have investigated the wrinkling mechanism.
Driving forces for Gr wrinkling include (i) mismatch in strains [24] and/or

thermal expansion coefficients between Gr and the substrate [25], (ii) non-
uniform interatomic/interfacial interactions [26], (iii) solvent trapping
[6], and (iv) high solvent surface tension [8]. These insights have in turn
led to the development of new routes to intentionally produce and ma-
nipulate wrinkles. For example, wrinkling and crumpling of large-area Gr
can be achieved by transferring Gr film to pre-stretched elastomeric sub-
strates [24], in which mismatch in strain determines the density, height,
and pitch of the winkles. Mismatch in surface roughness and/or area has
also been implemented to generate wrinkles by either transferring planar
Gr onto a non-planar substrate or vice versa (e.g., growing corrugated Gr
film on nanotextured Cu substrate and then transferring the Gr onto planar
substrates) [27]. These approaches can generate a high density of wrinkles
on Gr, conferring the resulting Gr with unique mechanical and optoelec-
tronic characteristics. However, it remains a challenge to precisely control
the position, orientation, and shape of the individual wrinkles.

Herein, we propose a new strategy to create wrinkles in a desired
location and direction while suppressing wrinkle formation on un-
wanted regions, inspired by the spreading and wrinkling phenomena
frequently found during wallpapering and/or ironing. To enable this,
we introduced a regular array of holes in a Gr-based thin membrane
[28,29], through which trapping and evaporation of solution between
Gr and substrate surface were naturally regulated. This approach gen-
erated lattice patterns of Gr/Cu ripples and subsequently Gr wrinkles.
Through electron microscopy and atomic force microscopy (AFM) in-
vestigation, wrinkles were found to connect neighboring holes, where
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each wrinkle consisted of a couple of folded layers with a width in the
range of 300–500 nm and height in the range of 10–20 nm. The detailed
wrinkling process and corresponding mechanism were characterized by
correlating the size and shape of the linear Gr/Cu channel (hereafter
referred to as ‘Gr/Cu ripple’) and Gr wrinkles with their mechanical
behaviors (i.e., stress-strain behavior and recovery). Our approach is
simple yet applicable to produce microscale lattice patterns of atom-
ically thin membranes that are useful for diverse applications including
highly localized resistive heater [22], nanochannels [30,31], foldable
electrodes [32], and mechanical sensor array.

2. Experimental

2.1. CVD growth of Gr and flip-over transfer

Mostly single-layer Gr was synthesized on Cu foil (25 μm thickness,
99.999%, Alfa Aesar) by CVD using a previously developed method

[33,34]. In brief, a 1.5 × 1.5 cm2 square of Cu foil was placed in the
center of CVD quartz tubular reactor (9 in.-diameter) that was then
pumped to vacuum below 50 mtorr. The sample was thermally an-
nealed at 1000 °C under 35 standard cubic centimeters per minute
(SCCM) hydrogen gas flow for 20–30 min, and then a precursor of 15
SCCM methane gas flow was introduced to initiate Gr growth. During
growth, the pressure was kept at 800 mtorr. After 10 min Gr growth,
methane gas flow was turned off and the tube reactor was cooled down
rapidly to room temperature. After the CVD process, the Gr film on the
Cu foil was coated with a 400-nm thick poly methyl methacrylate
(PMMA, C4) layer by spin-coating at 2500 rpm for 35 s. The thin Gr/
PMMA membrane was then detached from the Cu foil in ammonium
persulfate solution and the remaining Gr/PMMA sheet was rinsed with
distilled (DI) water. The Gr/PMMA membrane was then transferred
onto the target substrate (Si/SiO2 substrate). During the transfer, the
Gr/PMMA sheet was flipped over so that bare Gr surface faced upwards
(Fig. 1b–i).

Fig. 1. Schematic illustration of Gr/Cu ripple and Gr wrinkle formation. (a) Photo images showing the basic concepts of spreading (up) and wrinkling (down). (b)
Schematic of the fabrication process of a Gr/Cu ripple (i–iv) and Gr wrinkle (iv–v). (c) Schematic cross-sectional and top views of Gr/Cu rippling (I-III) and Gr
wrinkling (III–IV) processes, corresponding to the dashed square region in (b).
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2.2. Fabrication of Gr/Cu ripples

A 40 nm-thick Cu thin film was deposited on the PMMA/Gr layer on the
Si/SiO2 substrate using a thermal evaporator. This was followed by coating
with a 1.5 μm-thick photoresist (PR, AZ5214) layer using spin coating at
4000 rpm for 35 s. Next, a 2D array of holes with a diameter and center-to-
center spacing in the range of 2–8 μm and 10–20 μm, respectively, was
defined on the Gr/Cu/PR layer by photolithography followed by Cu etching
with copper etchant and Gr etching by oxygen plasma at 30 W for 5 sec
(Fig. 1b–ii and Fig. 1b–iii) [35]. After making the hole array, the specimen
was placed in acetone. This process removed the top PR layer and si-
multaneously enabled the acetone to percolate down through the holes and
dissolve the PMMA layer occupying the space between the Gr layer and
SiO2 substrate surface. After sufficient immersion in acetone to completely
dissolve the PMMA layer (> 20 min), the specimen was moved to me-
thanol, where the acetone between the Gr layer and SiO2 was replaced by
methanol. After keeping the specimen in methanol for more than 10 min, it
was pulled out of the solvent and then naturally dried at room temperature.
During this stage, Gr/Cu ripples interconnecting neighboring holes formed
during the gradual evaporation of trapped methanol droplets (Fig. 1b–iv).

2.3. Fabrication of Gr wrinkles

After creating Gr/Cu ripples, the specimen was placed inside copper
etchant to remove the top Cu layer, followed by rinsing in DI water and
natural drying at room temperature. During this process, transforma-
tion from Gr/Cu ripples to Gr wrinkles, involving adhesion, folding, and
collapse of Gr to the substrate surface, occurred.

3. Results and discussion

The basic concept of our approach is shown schematically in Fig. 1a.
When wallpapering a wall, one can inhibit wrinkling by attaching one

side of the wallpaper and then gently spreading out the wallpaper so
that the attached region gradually expands (Fig. 1a, top). This proce-
dure can squeeze out trapped air and remaining glue adhesive between
the wall and the paper, thereby preventing wrinkle formation. Mean-
while, if two opposite edges of paper are attached to the wall and the
attached regions extend inward, a wrinkle develops at the place where
both attached areas meet each other (Fig. 1a, bottom).

To mimic this phenomenon and control the wrinkling of Gr, we
regulated the initiation of adhesion and spreading outwards of Gr-based
thin membrane floating lightly in the solution above the substrate. Our
approach to this is illustrated in Fig. 1b. First, CVD-grown single-layer Gr
with a thin PMMA layer underneath was transferred onto Si/SiO2 sub-
strate (Fig. 1b-i). After coating of an ~40-nm thick Cu layer and PR on
Gr, a 2–8 µm diameter hole array was defined on the Gr/Cu/PR layer
(Fig. 1b–ii and Fig. 1b–iii) and subsequently, the PR layer was removed
by immersing the specimen in acetone. This process enabled the acetone
to percolate down through the holes and dissolve the PMMA layer un-
derneath the Gr. The specimen was then placed immediately in me-
thanol. During this stage, methanol replaced the acetone occupying the
space between the Gr-based membrane and substrate. When the spe-
cimen was pulled out of the solution, the infiltrated methanol vaporized
through the holes gradually, producing Gr/Cu ripples interconnecting
the hole array (Fig. 1b–iv). Panels I–III in Fig. 1c highlight the ripple
formation process. As the volume of trapped methanol decreased, each
median of the surrounding four holes in each rectangle was first brought
into close contact with the substrate (Fig. 1c, I), and the adhesion region
expanded gradually until a certain size (height and width) of Gr/Cu
ripples developed (Fig. 1c, II). This Gr/Cu ripple was maintained even
after complete evaporation of the trapped acetone (Fig. 1c, III). Finally,
the sample was immersed in copper etching solution to remove the
copper film on Gr, followed by rinsing in DI water (Fig. 1b-v). During this
stage, a complicated form of Gr wrinkles was generated through adhe-
sion, folding, and collapse of Gr to the substrate surface (Fig. 1c, IV).

Fig. 2. Structural characterization of Gr wrinkles. (a) Bright field and (b) dark field OM images, (c) SEM image, and (d) 3D AFM image of the square lattice pattern of
Gr wrinkles. Hole diameters/center-to-center distances: 2 μm/10 μm (a), 8 μm/20 μm (b), 4 μm/16 μm (c) and 8 μm/20 μm (d). "(e) and (f) AFM images comparing
the planar region surrounded by wrinkles in (d) and that of conventional wet-transferred Gr.
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Bright field and dark field optical microscopy (OM) images in
Fig. 2a, b show the square lattice pattern of Gr winkles, with 10 µm (a)
and 20 µm (b) periods, that developed over a large area. Most wrinkles
were straight and interconnected the hole array only along vertical or
horizontal directions. Scanning electron microscopy (SEM) images
confirmed that the actual width of the wrinkles was about 300–500 nm
(Fig. 2c and Fig. S1). We further performed non-contact AFM analysis to
determine the fine 3D features of the wrinkles between the holes
(Fig. 2d). Width was similar to that measured from SEM images, in-
dicating no significant tip convolution effect in our AFM measurement.
The height of the wrinkles was about 10–20 nm. AFM image also re-
vealed that in addition to linear wrinkles, circular wrinkles were pre-
sent along the rims of holes. X-ray photoelectron spectroscopy (XPS)
spectra showed a dominant C 1s peak at 284 eV corresponding mainly
to CeC, although an O 1s signal from the substrate was present at
532 eV, indicating that both wrinkle and planar layers were Gr (Fig. S2)
[36,37]. In addition, no Cu 2s peak was present, indicating that our
wrinkling process leaves no significant Cu residue. The C 1s spectrum
can be deconvoluted into four sub-peaks. The two dominant peaks at
284 and 285 eV are generally observed in graphene, and can be as-
signed to sp2 hybridized C atoms in graphene and sp3 hybridized C
atoms of amorphous carbon or CeH bonds of graphene, respectively
[38]. On the other hand, the other peaks at 286 and 288 eV is assigned

to C]O and OeC]O peak of PMMA residue. It is noted that similar
levels of the PMMA peaks were observed in the graphene even after
removing the PMMA by 120 min dip in acetone [38].

It is important to note that our method suppressed wrinkle forma-
tion on the planar regions surrounded by wrinkles, which is analogous
to ironing out wrinkles from clothes (Fig. 2e). In the case of Gr obtained
by the conventional wet-transfer method, a high density of surface
corrugations (wrinkles and ripples) 2 nm in height and 150 nm in width
was observed over almost the entire area (Fig. 2f). In contrast, the
wrinkle-free region in Fig. 2e exhibited a relatively flat surface with a
root mean square roughness (RMS) value of 0.73 nm, which is much
lower than the RMS value (1.53 nm) of conventional wet-transferred
Gr. This result indicates that during gradual expansion of the adhered
layer, wrinkling was not just suppressed, but intrinsic wrinkles actually
unfolded.

To confirm the validity of our proposed wrinkling mechanism, we
conducted additional microscopic analysis. First, we performed in-situ
investigation of Gr/Cu ripple formation under OM (Fig. S3). As the
trapped methanol vaporized gradually, the Gr/Cu membrane started to
sink down and adhere to the substrate from the centers of four neigh-
boring holes, as noted by the change from irregular multiple colors to a
uniform reddish color. In addition, ripple formation was identified by
the appearance of straight lines connecting the holes (Fig. S3, t ≥ 49 s).

Fig. 3. Analysis of Gr/Cu ripples and Gr wrinkles. (a) OM and tilted-view SEM images of a Gr/Cu ripple. (b) AFM image and (c) corresponding height-profiles of a Gr/
Cu ripple. (d) Low-magnification (bottom) and high-magnification (top) SEM images of a Gr wrinkle. (e) AFM image and (f) corresponding height-profiles of a Gr
wrinkle. (g) Histogram of FWHM to height (Hr) ratio of Gr/Cu ripples. (h) Overlap of height versus width curves for Gr/Cu ripples and Gr wrinkles. (i) Width Ww,
height Hw, and stretched length ΔLw of Gr wrinkles according to the height of the Gr/Cu ripples.
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This Gr/Cu ripple was maintained even after complete evaporation of
the trapped methanol (Fig. 3a, left). This experimental observation is
consistent with our model of the ripple formation process.

Tilted-view SEM image obtained by zooming in on the Gr/Cu ripples
interconnecting the holes revealed the formation of a straight hollow
channel with micrometer-scale width and height. Meanwhile, the rims
of holes remained flat until this stage (Fig. 3a). More detailed mor-
phological information (i.e., width, height, contact angle) about the Gr/
Cu ripples was obtained through AFM analysis (Fig. 3b). We found that
the size of individual ripples varied over a wide range depending on
diverse variables such as the size, spacing, and arrangement of holes
(the width of ripple Wr was generally in the range of 2–4 µm for a 2D
array of holes, while Wr increased up to ~6 µm for a 1D array of holes).
However, each ripple had a uniform width and height (Fig. 3c). Inter-
estingly, measurements of the ripples at many different places in a
sample and in different samples revealed that most ripples had a similar
aspect ratio (full width at half maximum FWHM to height Hr ratio of
3.8 ± 1.8) as well as cross-sectional shape (Fig. 3g). We hypothesized
that the size of the ripples was likely determined by tensile strength and
recovery while the aspect ratio and shape of the ripple were determined
by interfacial interactions and plastic deformation. The corresponding
stress-strain behaviors are illustrated schematically in Fig. S4. The
tensile stress accompanied by permeation of solution induced elastic
deformation and plastic deformation (after yielding point 2) in se-
quence (from points 1 to 3 in Fig. S4). Upon gradual release of the
trapped methanol, elastic strain recovered (from points 3 to 5 in Fig.
S4). At point 5, when the trapped droplet disappeared completely, only
plastic deformation remained and determined the overall length of the
ripple L (i.e., L = ΔLp + L0, where ΔLp is the plastic deformation length
and L0 is the initial length that is equal to the Wr). Simple calculation
showed that the strain of the ripple in Fig. 3b was 0.007, which is over
10 times greater than the strain at yielding (~0.0008) [39]. At point 5,
the ripple adopted its final shape during replacement of the methanol
droplet by air, in which the interplay between interfacial energies and
plastic deformation energy played an important role in determining the
aspect ratio and curved shape of the ripple.

As a final stage, Gr wrinkles were generated when the Cu layer was
removed by Cu etchant (Fig. 3d). AFM analysis showed that the Gr
wrinkles had a complicated form, and their width and height were
significantly smaller than those of Gr/Cu ripples. The discrepancy in
size between Gr/Cu ripples and Gr wrinkles was made clear by super-
imposing the AFM height-profiles of ripple and wrinkle before and after
Cu etching (Fig. 3h). This discrepancy is due to the different deforma-
tion behaviors of Gr and Cu. Gr exhibits dominant elastic deformation
in stress-strain behavior until fracture occurs [40,41]. Importantly,

even after considerable yielding of the Cu layer in the Gr/Cu ripple, the
Gr layer underneath was still in an elastically elongated condition.
Accordingly, upon the dissolution of Cu, the Gr in the liquid underwent
elastic recovery. During this stage, additional expansion of the Gr
layer’s adhesion to the substrate surface together with folding, merging,
and collapse occurred, producing the final form of the complicated Gr
wrinkles (Fig. 3f). Statistical analysis of height and width differences
between Gr/Cu ripples and Gr wrinkles showed that the height Hw and
width Ww of wrinkles decreased more than 10-fold. Interestingly, Ww

increased with the size of the ripple (i.e., Hr) while Hw was independent
of the size of ripple, but was affected by the degree of folding. When
only the cross-sectional contour was considered, elongation of wrinkle
ΔLw, which was determined by the difference between cross-sectional
length and width of each wrinkle, was also independent of Hr. We
therefore concluded that Gr was almost recovered and that the accu-
mulation of intrinsic surface corrugations resulted in the ΔLw of wrin-
kles at the final stage.

To investigate structural changes before and after wrinkling, we
performed Raman spectroscopy measurements. Representative Raman
spectra achieved with a ~1 µm diameter laser beam (a 532 nm ex-
citation) focused on different regions of Gr, as marked by circles in
optical image (inset), are shown in Fig. 4a. Both planar and wrinkled
regions exhibited distinct 2D and G peaks at ~2698 cm−1 and
~1600 cm−1, respectively, with the 2D and G peak intensity ratio
higher than 1 (I2D/IG = ~1.4) [42]. This result suggests that Gr was
composed mostly of single layer Gr, and even after wrinkling, there was
no significant tight osculation of the Gr layers [43]. The intensity of the
D peak (~1351 cm−1), which is associated with defects and lattice
distortions in Gr [44], increased slightly but was maintained at low
levels after wrinkling, as similar to that of wet-transferred graphene
(Fig. S5). Spectra measured at different positions exhibited similar
features (Fig. S6), with an average I2D/IG ratio of 1.13 and 1.24 and an
ID/IG ratio of 0.08 and 0.13 for planar and wrinkled regions, respec-
tively. However, D peak intensity increased suddenly at the edges of the
holes, often by more than four-fold, which is attributed to carbon dis-
orders caused by oxygen plasma etching (Fig. 4a blue line) [45]. The
similar Raman characteristics of Gr and Gr wrinkles were further sup-
ported by Raman mapping images (Fig. 4b and c). It is important to
note that large shifts of the G and 2D peaks were observed from gra-
phene bubbles under tensile strain [46]. However, in our case, there is
no noticeable difference in the G and 2D peak positions between the
graphene regions and wrinkled regions. Considering all these Raman
results, we suggest that Gr wrinkles fully recovered to a stress-free state
and thereby maintained the intrinsic high structural quality of Gr, in
good agreement with the stress-strain behavior results.

Fig. 4. Raman spectroscopy analysis. (a) Raman spectra from different regions of Gr in the OM image (inset): circular edge (blue), wrinkled (red) and planar (black)
regions. (b) and (c) Raman mapping images of the G peak (1600 cm−1) and D peak (~1351 cm−1), collected at the dotted square area of the OM image shown in the
inset of (a).
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4. Conclusions

We demonstrated a new and robust approach to generate a regular
pattern of Gr wrinkles. Analogous to wallpapering and/or ironing, our
approach produces straight wrinkles in a desired location and direction,
while suppressing surface corrugations on the region surrounded by
wrinkles. Raman spectroscopy measurements showed that the Gr
wrinkles maintained the intrinsic defect- and stress-free state and high
structural quality of Gr. This study advances understanding of wrinkle
formation at the atomically-thin limit, and our approach can be used to
produce artificially controlled wrinkles that confer atomically-thin
materials with novel functionalities.
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