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Abstract Inspired from butterfly wings that exhibit unique
dewetting properties and brilliant structural color synchronously,
we reported here the preparation of biomimetic few-layer
graphene films through a template-directed chemical vapor de-
position method using laser-structured Cu foil as substrates.
Hierarchical micronanostructures, including microscale stripes
derived from the laser scanning and nanoscale laser-induced
periodic surface structures (LIPSS), formed on Cu foil after
a simple femtosecond laser treatment. By tuning the laser
power, the surface roughness of the resultant Cu foils can
be well controlled. Using the laser structures Cu foil as tem-
plates, biomimetic few-layer graphene films with both irides-
cence and superhydrophobicity have been successfully pre-
pared. The present work may open up a new way to design and
prepare structured graphene film in a biomimetic manner, and
we deem that the bioinspired few-layer graphene films may find
broad applications in the near future.
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1. Introduction

After billions of years of evolution, natural creatures pos-
sess almost perfect micronanostructures and promising
functions, for instance, the famous lotus leaf shows super-
hydrophobicity and a self-clean capability; butterfly wings,
bird feathers and rose petals exhibit unique surface dewet-
ting properties and beautiful structural color, all of these
features could be attributed to the presence of multiscale
micronanostructures [1]. The fascinating properties of nat-
ural materials continuously inspire scientists and engineers
to design and fabricate artificial materials with hierarchi-
cal structures that mimic biomaterials towards multifunc-
tion integration [2], In the past few decades, bioinspired
structures based on a wide range functional materials, for
instance, polymers [3], metal oxides [4], carbon [5], and
protein [6], have been successfully developed with the help
of classical micronanofabrication techniques, represented
by “top-down” and “bottom-up” approaches [7, 8]. For in-
stance, laser processing has been widely employed to fab-
ricate biomimetic superhydrophobic surfaces based on sili-
con [9,10]. However, in the pursuit of novel multifunctional
devices with properties that rival those of natural materials,
continued efforts in developing multiscale structures based
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on novel materials in a biomimetic manner are still highly
desired.

Recently, a single-atom thick carbon crystal, named
graphene, has attracted enormous research interests in var-
ious scientific fields, since it reveals a series of outstanding
physical/chemical properties, such as ultrahigh carrier mo-
bility [11], high thermal conductivity [12], high Young’s
modulus [13], optical transmittance [14], high electrical
conductivity [15], flexibility [16], excellent stability [17]
and biocompatibility [18]. Based on these intrinsic supe-
riorities, graphene has already proved its value in vari-
ous functional devices ranging from field-effect transistors
(FETs) [19], optoelectronic devices [20] to smart actua-
tors [21], demonstrating great potential for future electron-
ics. To date, although graphene and its related materials
have already revealed a cornucopia of both new physics
and potential applications, scientific exploration of their
full potential through rational design of their micronanos-
tructures never stops. From this point of view, a flexible
combination of graphene with bioinspired multiscale struc-
tures is undoubtedly a shortcut to reach this end. How-
ever, at present, biomimetic graphene is still at an early
stage. In most cases, biomimetic graphene was prepared
using graphene oxides (GO) as starting materials, since
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chemically exfoliated GO not only allows mass produc-
tion, but also shows tractable solution-processing capability
[22]. More importantly, the presence of oxygen-containing
groups (OCGs) on GO sheets permits flexible postfunc-
tionalization by covalent grafting, which directly provides
an opportunity for tuning the chemical composition on
GO surfaces [23]. As typical examples, we fabricate su-
perhydrophobic graphene surfaces that mimic rose petals
and butterfly wings by means of a two-beam laser inter-
ference treatment of GO [24]. Inspired from nacre, An
et al. prepared borate-crosslinked GO films with improved
excellent mechanical strength by a simple cofiltration of
GO solution and sodium tetraborate in combination with
low-temperature annealing [25]. However, GO does not
mean graphene; after drastically oxidation, residual OCGs
dramatically alter the structure of the carbon plane. Even
after a suitable reduction treatment, the presence of intrin-
sic defects all over the GO sheets significantly limits their
further applications, especially for electronics.

Nowadays, the rapid progress of chemical vapor de-
position (CVD) methods contributes to the production of
high-quality and large-area graphene film on Cu or Ni sub-
strates [26], which make it possible to prepare functional
graphene structures on prestructured metal substrates. For
instance, Yoon et al. fabricated a bioinspired graphene with
dewetting property through a CVD method based on recon-
structed Cu substrates that was prepared by simple heating
of commercial Cu foil under different atmospheres [27]. Be-
sides, Chen et al. reported the preparation of 3D graphene
foam via CVD growth on Ni foam [28]; Wang et al. synthe-
sized 3D graphene with improved electrochemical prop-
erties on a thick nickel foil using a microwave plasma
CVD method [29]. Stratakis et al. reported a solution-based
methodology for the preparation of free-standing few-layer
graphene flakes on structured Si substrates [30]. However,
all of these methods suffer from poor controllability over the
formation of micronanostructures on Cu or Ni substrates;
as a result, considerable difficulties arise when structuring
the resultant graphene films into desired morphologies, not
to mention mimicking biomaterials. Currently, it is still a
big challenge to prepare biomimetic graphene through a
template-directed CVD method towards exquisite control
of their multiscale structures.

In this study, we report the fabrication of hierarchically
structured few-layer graphene film that mimics butterfly
wings using a template-directed CVD method. Femtosec-
ond laser pulsing has been adopted for making multiscale
structures on Cu foil, including microscale stripes derived
from the laser scanning and laser-induced periodic surface
structures (LIPSS) originated from the optical interference
between the incident laser radiation and a surface elec-
tromagnetic wave (SEW). Using the structured Cu foil as
template, few-layer graphene films that retain the struc-
tural features of the Cu substrates have been successfully
prepared through a CVD method. Interestingly, the resul-
tant few-layer graphene film demonstrates both superhy-
drophobicity and beautiful structural color, similar to that
of butterfly wings.

2. Experimental

Femtosecond laser processing of Cu foil: A sapphire fem-
tosecond laser amplifier (Spectra-Physics) with 800 nm
center wavelength, 100 fs pulse duration, and 1 kHz rep-
etition rate was used in our experiments. The direction of
the laser polarization vector was changed by a half-wave
plate. The laser spot is focused to 260 μm through a lens
with a 600-mm focal distance, and the line scanning speed
was 1 mm/s, so that each spot receives an average num-
ber of 260 pulses. Copper foil (99.9% purity, 25 μm thick)
with a size of 25 mm × 25 mm were polished mechan-
ically and cleaned ultrasonically in ethanol before laser
treatment. Typically, the Cu foil was fixed on the receiving
screen, which was mounted on a computer-controlled two-
dimensional translation stage. In this way, the Cu foil was
irradiated by the focused laser in a scanning manner. After
laser treatment, LIPSS formed on the surface due to the
coherent superposition effect between the incident wave of
the laser and its scattered wave [31]. The resultant laser-
structured Cu foil was denoted as Cu-x, where x is the laser
power, Cu-50 mW means the Cu foil has been treated under
a 50-mW femtosecond laser.

CVD preparation of few-layer graphene on laser-
structured Cu foil: Laser-structured Cu foil was directly
used for CVD growth of few-layer graphene without fur-
ther treatment. In our work, CVD experiments were carried
out at 1020°C in a furnace with a 22-mm inner diameter
fused silica tube under ambient pressure. In the heating pro-
cess, the flow rate of Ar was maintained at 300 SCCM and
the flow rate of H2 was maintained at 30 SCCM (SCCM de-
notes cubic centimeter per minute at STP). It takes 40 min
to rise to the target temperature and then spends 30 min at
that temperature. Then, the flow of hydrogen was shut off to
produce an atmospheric flow in the quartz tube for 5 min.
When the reaction process begins, 20 SCCM of H2 and
2 SCCM of CH4 were adopted as the carbon source. After
reaction for 30 min, a few-layer graphene film on Cu foil
was successfully prepared. To remove the Cu substrates, the
samples were etched in FeCl3/ HCl solution (1 M FeCl3,
0.5 M HCl) for 6 h. The structured few-layer graphene
film could be easily removed and transferred to any sub-
strates, revealing that it is of good structural integrity. The
resultant structured graphene was denoted as G-x, where
x is the laser power used for Cu structuring, G-50 mW
means the graphene film was prepared using Cu-50mW as a
template.

Characterization: The CA measurements were imple-
mented using the contact angle system OCA 20 (Data-
Physics Instruments GmbH, Germany) at ambient temper-
ature. The CAs were measured by the sessile-drop method
with a water droplet of 4 μL. SEM images were obtained
using a field-emission scanning electron microscope (JSM-
7500F, JEOL, Japan). Atomic force microscopy (AFM) mi-
crographs were obtained using a NanoWizard II BioAFM
instrument (JPK Instruments AG, Berlin, Germany) in the
tapping mode. Raman spectra were measured with a Ren-
ishaw Raman microscope using a 514-nm wavelength laser.
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Figure 1 Schematic illustration of the fabrication of butterfly-wing-inspired graphene films by template-directed CVD growth on
femtosecond laser-structured Cu foil. (a) Photograph of a neat Cu foil used for laser structuring, a femtosecond laser pulse with a
central wavelength of 800 nm was used for the experiments. (b) Photograph of a laser-structured Cu foil with structural color. (c) CVD
growth of graphene on the laser-structured Cu foil. (d) The Cu foil has been etched in FeCl3 solution, and the structured graphene film
has been transferred to a cover glass.

3. Results and discussion

3.1. Fabrication of LIPSS on Cu foil

To prepare biomimetic graphene film via a CVD method,
flexible structuring of Cu or Ni substrates as templates to
direct subsequent graphene growth is an essential step [31].
Typically, Cu foil has been widely recognized as a suit-
able substrate for CVD preparation of graphene. To date,
there already exist abundant successful examples. To repro-
duce the hierarchical micronanostructures of typical butter-
fly wings on Cu foil, femtosecond laser processing has
been used for making LIPSS that mimic butterfly wings
through a mask-free and chemical-free manner. Figure 1
shows the diagrammatic sketch and relative photographs
of the fabrication procedure. In a typical experiment, Cu
foils (25 μm) with dimensions of 20 mm × 20 mm were
mounted on a computer controlled two-dimensional trans-
lation stage, which guides the linear scanning by pulsed
laser irradiation. The laser spot is estimated to be 260 μm
and the scanning speed was 1 mm/s. In this way, the pro-
cessing of a square (10 mm × 10 mm) could be accom-
plished within 25 min. Interestingly, after laser irradiation,
the laser-scanned region of the Cu foil demonstrates bril-
liant iridescence (Fig. 1b), similar to those in butterfly wings
and bird feathers. This directly suggests that LIPSS may be
formed on the Cu foil. The spontaneous formation of LIPSS
has been studied extensively for decades [32]. Generally,
two types of LIPSS have been observed upon irradiation
with multiple linearly polarized femtosecond-laser pulses,
in which low spatial frequency LIPSS (LSFL) with spa-
tial periods slightly smaller than or comparable to the laser
irradiation wavelength is widely accepted [33]. The forma-
tion of LSFL is induced by the optical interference of the

incident laser radiation with a surface electromagnetic wave
(SEW), generated on the rough surface during the laser irra-
diation [34]. This theory may well explain the mechanism
of formation of the LIPSS observed on the copper sur-
faces. Using the Cu foil with LIPSS as template, few-layer
graphene could be prepared through a CVD method. After
the growth of graphene film on the structured Cu substrates
at 1000°C, the structural color still exists (Fig. 1c), indi-
cating the formation of structured graphene. To get pure
graphene film, the Cu substrates could be etched in FeCl3/
HCl solution, in this way, the structured graphene film could
be transferred to any substrate. Notably, the resultant few-
layer graphene film on a cover glass also demonstrates bril-
liant iridescence, which confirms the presence of periodic
nanostructures on the graphene film (Fig. 1d).

To make an intuitionistic comparison between the hi-
erarchical structures on a butterfly wing and our laser-
structured Cu foil, we used confocal laser scanning mi-
croscopy (CLSM) to investigate their surface structures.
Figure 2a shows the high-resolution photograph of the wing
of an empress butterfly (inset of Fig. 2a), in which mi-
croscale stripes could be directly observed. When we ob-
served the structures in the region of blue color by CLSM,
we found that the stripes were constructed by the overlap-
ping of arched scales with a size of about 100 × 150 μm,
in this case, the period of the microstripe could be estab-
lished to be �150 μm (Fig. 2b). A further magnified CLSM
image shows that on each scale, there existed periodically
distributed gratings with a period of �600 nm (Fig. 2c). The
presence of such nanostructures is considered as essential
to the structural color. For comparison, we also observed
our laser-structured Cu foil by both camera and CLSM.
As shown in Figs. 2d–f, after laser scanning, microscale
stripes have also been observed from high-resolution
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Figure 2 Comparison of the hierarchical micronanostructures between natural butterfly wings and femtosecond laser-structured Cu
foil. (a) Photograph of a butterfly wing, the inset is the photograph of the entire butterfly. (b) LSCM image of the microstructures of the
butterfly wing. (c) Magnified LSCM image of a few scales on the wing, the inset shows the detailed nanostructures. (d) Photograph of a
laser-structured Cu foil, the inset is the photograph of the entire Cu foil. (e) LSCM image of the microstructures of the laser-structured
Cu foil. (f) Magnified LSCM image of laser-structured Cu foil, the inset shows the detailed nanostructures.

photograph; and the structured region shows beautiful struc-
tural color. The LSCM image shows that the period of
microstripes formed by laser scanning is about 100 μm
(Fig. 2e). The magnified CLSM image reveals that LIPSS
formed on the surface (Fig. 2f). The formation of LIPSS
accounts for the presence of iridescence on the Cu foil
(inset of Fig. 2d). From the comparison, it can be found
that the microstripes in combination with LIPSS on the
Cu foil are quite similar to the hierarchical structures on
butterfly wings. Using this laser-structured Cu foil as a tem-
plate, the preparation of biomimetic graphene film could be
expected.

In fact, the formation of ripple structures is dominated
by both exposure conditions and material properties. For
instance, the obtained ripple structures further depend on
a series of parameters that are proportional to the pulse
energy, including the fluence per pulse, the spatial inten-
sity distribution, a cumulative exposure dose (number of
pulses), thus some laser parameters have to be optimized to
create LIPSS [35,36]. In our work, the pulse duration, pulse
number, polarization, and the irradiation wavelength have
been fixed, so the period of ripples on the laser-structured
Cu foil show a similar value. To get better control over the
surface topologies of the laser-structured Cu foil, we tuned
the fluence within a certain range to alter the surface rough-
ness by introducing microscale particles. It is known that
the single pulse energy and the number of laser pulses per
irradiation spot N can significantly affect the formation of

LIPSS [37]. Generally, N can be defined by the following
equation:

N = f/ (z ∗ v) ,

where f is the laser repetition rate; z is the laser scanning line
spacing; and v is the laser scanning speed [38]. According
to this equation, N has a fixed value of 1.67×106 /cm2.
Hence, we tuned the laser power (50, 100, 150, 200 mW)
to process the Cu foil. Since the repetition rate is fixed at
1 kHz, the corresponding single pulse energy is calculated
to be 50, 100, 150, and 200 μJ, respectively.

Figure 3 shows the SEM images of the LIPSS on the
Cu foils fabricated under different laser powers. It can be
clearly identified from the SEM image that periodic rip-
ples formed all over the laser-irradiated region, indicating
the formation of LIPSS. The period was measured to be
�600 nm, which is smaller than that of the laser wavelength
(800 nm). Actually, a special fluence regime, namely, near-
damage-threshold fluence, was required for the formation
of LIPSS [39]. According to our results, the threshold laser
fluence was �80 J/cm2. Notably, when the incident laser
power is 50 mW (Figs. 3a and b), the laser fluence was
evaluated to be 6.37×105 mJ/cm2. In this case, the periodic
ripples are very clear. With the increase of laser power,
the period of the ripple maintains a consistent value of
�600 nm, which is in good agreement with the formation
principle discussed above. When we increased the laser
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Figure 3 SEM images of laser-structured Cu foils prepared under different laser fluences. (a, b) Cu-50mW (laser fluence: 6.37×105

mJ/cm2), (c, d) Cu-100mW (laser fluence: 12.74×105 mJ/cm2), (e, f) Cu-150mW (laser fluence: 19.11×105 mJ/cm2) and (g, h)
G-200mW (laser fluence: 25.48×105 mJ/cm2).

fluence to 19.11×105 mJ/cm2 (Figs. 3c and d), a few
nanoparticles form by redeposition. Further increase of
laser fluence would result in the formation of more par-
ticles on the surface, making the Cu substrates very rough
(Figs. 3e–h). The formation of Cu islands could be at-
tributed to the reflow and redeposition of ablated Cu par-
ticles at high laser fluences, which is very common in the
cases of laser-structured metallic and semiconducting sur-
faces [9, 10]. To get more information about the particles
formed at high laser fluence, XPS and XRD characteriza-
tion has been carried out based on the high laser fluence
sample (200 mW), which indicate that copper has been
slightly oxidized in the processing conditions (for details,
see supporting information Fig. S1). However, in the XRD
patterns (Fig. S2), the Cu oxide-related peaks were absent,
indicating that the oxide layer is very thin. We have to point
out that the Cu oxide layer could be fully reduced to Cu be-
fore the growth of graphene, since a H2 annealing has been
implemented before the introduction of the carbon source
(CH4).

3.2. CVD preparation of biomimetic few-layer
graphene film

Using the laser-structured Cu foil as template, few-layer
graphene film could be readily prepared via a CVD pro-
cess. Interestingly, as shown in Figs. 1c and d, both the
Cu foil with graphene and the resultant graphene layer that
has been transferred to a cover glass demonstrate beauti-
ful structural color, which indicates the presence of simi-
lar nanostructures. In order to investigate the morphology
change before and after CVD process, we compared the
same Cu foil surface before and after CVD process by
AFM (Fig. S3). The morphologies of these laser-structured
Cu foils do not show any obvious change after CVD
growth of graphene. The height of ripples decreased af-
ter CVD; and the average roughness of the four samples
slightly decreased (Fig. S4), which could be attributed to the

Cu reflow and copper oxide reduction at high temperature.
To gain further insight into the surface structure of the as-
obtained few-layer graphene, SEM and AFM have been
used to characterize the samples prepared using different
Cu foils as templates. Figure 4 shows the SEM images of
the boimimetic few-layer graphene films. Inherited from the
nanostructures on Cu foil, the resultant few-layer graphene
film also demonstrates similar nanostructures, nanoripples
with a period of �600 nm could be clearly identified from
the surface (Fig. 4b). The periodic nanoripples account for
the formation of structural color. Similar to structures on
Cu foil, nanoparticles formed with the increase of laser
power. Using Cu-100mW as template, a few nanoparticles
appear on the nanoripple structure (Fig. 4b). The CLSM im-
age confirms the large-area nanoripple structure (Fig. 4c).
When we use the rough Cu foil prepared under higher laser
power (e.g., 150 mW and 200 mW), the resultant few-layer
graphene films become rougher (Figs. 4d and e). Plenty of
particles formed between the nanoripple structures, which
is quite similar to the morphology of laser-structured Cu
foil. By carefully observing the particles, we found some
wizened graphene shells, as shown in the inset of Fig. 4e.
The formation of such wizened graphene shells could be
atrributed to the etching of Cu particles. As typical ex-
amples, we also observed the roughest few-layer graphene
film by CLSM. As shown in Fig. 4f, both the microstripes
and the nanoripple structures that are similar to LIPSS on
Cu foil have been observed. In addition, we also investigate
the thickness of the obtained few-layer graphene film by
TEM. According to the cross-sectional TEM image shown
in Fig. S5 (supporting information), the as-formed graphene
film was about 5–10 layers. In this regard, it is more appro-
priate to refer to our material as few-layer graphene.

To get furhter insight into the surface structures of the
resultant biomimetic few-layer graphene films, the four
samples have been characterized by AFM. Interestingly,
the AFM patterns (Fig. 5) are quite similar to that shown
in SEM images (Fig. 4). Take G-50 mW as an example,
the height profile along the white line of Fig. 5a shows that
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Figure 4 SEM images of micronanostructured graphene films prepared by CVD using different laser-structured Cu foils as templates.
(a, b, d, e) Micronanostructured graphene films (a) G-50mW (laser fluence: 6.37×105 mJ/cm2), (b) G-100mW (laser fluence: 12.74×105

mJ/cm2), (d) G-150mW (laser fluence: 19.11×105 mJ/cm2) and (e) G-200mW (laser fluence: 25.48×105 mJ/cm2). (c) CLSM image of
G-100mW, the inset is detailed nanostructures magnified by 3 times. (f) CLSM image of G-200mW, the inset is detailed nanostructures
magnified by 3 times.

the period is �600 nm, and the height of the structure is
�20 nm. With increasing laser power, the period of the
LIPSS maintains a consistent value, whereas the height of
the structures slightly increases. Figure 5b shows the AFM
image of G-100 mW, the period is also �600 nm, but the
height of the structure increases to �200 nm. Further in-
crease of the laser power would lead to the formation of
rough surfaces, as shown in Figs. 5c and d. LIPSS with
a period of �600 nm could still be observed, the height
of the structure increased to �300 and �400 nm, respec-
tively. Generally, the Cu foil treated under lower laser power
demonstates fine LIPSS structure, and the resultant few-
layer graphene film also shows similar mophology. In this
case, the surface is quite flat. On the contrary, the increase
of laser power would lead to more rough structures on
Cu foil, and the resultant few-layer graphene film is also
very rough. Form this point of view, the surface rough-
ness could be tuned by changing the laser power during
the structuring of Cu foil. It is well known that the sur-
face dewetting property is highly depended on roughness
[40], precise control of the surface roughness of the resul-
tant few-layer graphene films would lead to tunable surface
wettabilities.

3.3. Characterization of structured few-layer
graphene films

It is well known that Raman spectroscopy has been
widely used for characterizing the hybrid nature of carbon

materials [41]. In our work, Raman spectra have been col-
lected to evaluate the structure of the resultant few-layer
graphene films, as shown in Fig. 6a. Obviously, the Ra-
man spectra of our few-layer graphene films display two
peaks at 1340 cm–1 and 1600 cm–1, which correspond to
D and G band, respectively [41]. The G band is attributed
to an E2g mode of graphite associated with the vibration
of sp2-bonded carbon atoms, whereas the D band peak is
related to the oscillations of carbon atoms with dangling
bonds in plane terminations of disordered graphite [42].
The presence of the D band could be attributed to defects.
For the four few-layer graphene samples, the intensity ratio
of D band and G band, ID/IG, slightly increased from 0.91
to 0.95, which indicates the rough Cu foil would generate
more defects. Additionally, the Raman spectra show a very
broad 2D peak in the range of 2500–3000 cm–1. To gain
further insight into the 2D region, the broad 2D peak of
200 mW sample was fitted using Lorentzian profiles. As
shown in the inset of Fig. 6a, the broad region was com-
posed of multiple peaks of 2D, D+G and 2D′ at 2685, 2930
and 3150 cm–1, respectively. The presence of D+G and
2D′ peaks could be attributed to the nonplanar feature of
our structured few-layer graphene layers. These character-
istics of Raman can be easily found in nanostructured or
curved graphene as reported elsewhere [43, 44].

Figure 6b shows optical transmittance spectra of
our biomimetic few-layer graphene films. In our work,
G-50mW sample has a transmittance of �71.5% when the
incident laser wavelength is 500nm. The transmittance of
G-100mW, G-150mW and G-200mW samples decreased
to �68.5%, �63.9%, �57.1%, respectively, when relative
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Figure 5 AFM images (upper images) and height profiles (bottom images) of micronanostructured graphene films (a) G-50mW (laser
fluence: 6.37×105 mJ/cm2), (b) G-100mW (laser fluence: 12.74×105 mJ/cm2), (c) G-150mW (laser fluence: 19.11×105 mJ/cm2) and
(d) Gu-200mW (laser fluence: 25.48×105 mJ/cm2).

rough Cu foils were used as templates. Such transmittance
in the visible-light range could guarantee the transparent
property, as shown in the inset of Fig. 6b.

3.4. Wetting properties and optical performance

Generally, two factors influent the wettability of
solid surface, one is surface microstructures, and the
other is the surface chemical composition [45]. Due
to the high surface free energy of copper and copper oxide,
the polished copper surface shows a hydrophilic property,
whereas the laser-structured Cu surfaces show a contact

angle (CA) of �90º. The growth of graphene on the sur-
face of Cu significantly altered the surface energy, since
graphene has relative low surface free energy [46]. Here,
to quantificationally investigate superhydrophobicity of the
micronanostructured few-layer graphene films, a static wa-
ter CA measurement has been carried out on these four
kinds of few-layer graphene films. As shown in Fig. 7,
all of the microstructured few-layer graphene films show
hydrophobicity, generally, with a CA value in the range
of 106–152°. The presence of hierarchical micronanos-
tructures has been considered to be an essential factor to
gain the hydrophobicity. In particular, when the laser inten-
sity is as high as 200 mW, the Cu-200mW sample is very
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Figure 6 (a) Raman spectra and (b) optical transmission spectra
of micronanostructured graphene films prepared by CVD growth
on different Cu foils. The inset of (a) shows the 2D region fit-
ted using Lorentzian profiles. The inset of (b) is the photograph
of a graphene film (Cu-200mW as template), which has been
transferred to a glass slide. Laser power of 50, 100, 150 and
200 mW corresponds to laser fluences of 6.37×105, 12.74×105,
19.11×105 and 25.48×105 mJ/cm2, respectively.

rough, containing both nanoripples and the nanoparticles.
In this case, the resultant G-200mW shows the highest CA
of 152o, reaching the superhydrophobic level. The ripple
structures shows the certain influence on the anisotropic
wettability of the surface, we measured the CA and sliding
angle (SA) from the orthogonal and parallel direction, re-
spectively (Figs. S6 and S7). The CA measured from the
orthogonal direction is slightly higher than that from the
parallel direction. We also measured the SA of the super-
hydrophobic sample G-200mW. The SA measured from the
orthogonal and parallel direction were measured to be 8º
and 6º, respectively, indicating the Cassie superhydropho-
bic state.

Similar to the brilliant butterfly wings, when light irra-
diates on the biomimetic few-layer graphene films, struc-
tural color could be clearly observed [47]. The structural
color could be attributed to the diffraction of the LIPSS,
expressed as the following equation:

mλ = d(sin θD − sin θI),

Figure 7 (a) Static water droplet CAs of micronanostructured
graphene films prepared by CVD growth on different templates.
The insets are photographs of a water droplet on correspond-
ing surfaces. Laser powers of 50, 100, 150 and 200 mW corre-
spond to laser fluences of 6.37×105, 12.74×105, 19.11×105 and
25.48×105 mJ/cm2, respectively. (b) Photographs of Cu-200mW
foil after CVD growth of a graphene film on the surface. (c) Struc-
tural color of the micronanostructured graphene film (Cu-200mW
as template), which has been transferred to a glass slide.

where m is the diffraction order, d is the period of the grat-
ing, and θD and θ I are the diffraction and incident angles,
respectively [48]. Notably, light of a different wavelength
diffracted when changing the viewing angle, and beautiful
structural color could be observed due to the chromatic dis-
persion. Figure 7b shows iridescence of few-layer graphene
on Cu foil without corrosion. Figure 7c explored irides-
cence of few-layer graphene on glass substrates that were
captured by camera. With the increase of laser fluence, the
resultant few-layer graphene samples all show structural
color due to the presence of ripple structures.

4. Conclusion and outlook

Inspired from butterfly wings, hierarchically structured
few-layer graphene films that feature unique superhy-
drophobicity and brilliant structural color have been suc-
cessfully prepared by using a template-directed CVD
method. Femtosecond-laser processing has been adopted
for the structuring of Cu foil. Without any masks, hierar-
chical structures including microscale stripes and nanoscale
LIPSS have been successfully fabricated due to the laser
scanning and the optical interference between the incident
laser and a SEW. Inherited from the multiscale structures
on Cu foil, few-layer graphene film prepared by CVD could
be transferred from the Cu foil to any substrate and well
retained the hierarchical structures, demonstrating both the

C© 2016 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.lpr-journal.org
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dewetting property and iridescence, similar to those of but-
terfly wings. Notably, ultrafast laser processing is capable
of making surface micronanostructures on active metal sub-
strates [49] (e.g., Cu and Ni) that are suitable for graphene
preparation. With the rapid progress of CVD technolo-
gies, high-quality graphene with desired micronanostruc-
tures could be readily prepared by using laser-structured
Cu foils as templates. As a typical example, the biomimetic
graphene films hold great promise for various potential
uses in organic light-emitting diodes (OLEDs) and organic
solar cells (OSCs). By designing different surface micro-
nanostructures on Cu foil, structured graphene may find
more applications in both fundamental science and practical
usage.
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