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ABSTRACT

Facile construction of graphene nanostructures are potentially important for fundamental studies and
various applications owing to its transparency and mechanical strength. Here we found that focused
laser irradiation of a graphene/entrapped water/hydrophobic substrate leads to vaporization of entrap-
ped water and consequent formation of graphene nanostructures. Graphene mechanically exfoliated on a
hydrophobicized Si substrate was served as a transformable and impermeable nanocontainer in which
water anisotropically and slowly diffuses from the weak edges into the van der Waals (vdW)-coupled
interstitial volume between graphene and the substrate. Time-lapsed Raman mappings show that water
entrapment promotes progressive lowering of the frequencies of the G and 2D bands of graphene and
exhibits slower diffusion owing to vdW decoupling of substrate-induced doping and biaxial strain of
graphene with hydrophobic substrate. Moreover, vaporized entrapped water promotes nanostructures
by graphene sliding and bulging actions. This methodology represents viable approach to produce
nanostructures from two dimensional materials.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Nanochannel have dimensions that approach the hydrodynamic
radii of fluids as compared to microchannels, yet both require
multiple photolithographic steps for the preparations. Thus, it is
possible to maximize fluid-solid interfaces and efficiently control
flow of charged liquid by modifying surface chemical functionality
[1-3]. For these reasons, nanochannels have been utilized in pro-
tocols for sorting charged biomaterials such as proteins [4,5] and
DNA [6], and in microfluidic systems for delivering and reacting
small volumes of various fluids.

Graphene, consisting of an atom thick honeycomb lattice of sp?
carbons, exhibits excellent mechanical strength [7], optical trans-
parency [8] and flexibility [9], and large area producibility by
chemical vapor deposition method [10]. Like carbon nanotube
[11—13], graphene has a minimum surface frictional force with
water and gases owing to a lack of surface chemical functionality.
This property enables a fast flow of fluids, especially water [14,15].
Moreover, specific modification of its surface enables graphene to
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be utilized to selectively locate an ion in confined geometry
[16—18]. These properties make graphene as an ideal platform for
nanofluidic systems. As a result, new approaches that enable the
fabrication graphene nanostructures are required to facilitate
fundamental studies of water, and for various applications
including biosensing [19], material transport [20,21], drug delivery
[22,23], and diagnostic devices [23].

The formation of graphene nanochannels has been reported by
several groups [24—31]. One study showed random nanochannels
are formed by diffusion of water between graphene and a hydro-
philic SiO, substrate followed by drying [26]. Xie and coworkers
[24] demonstrated that graphene nanochannels can be formed by a
transferring graphene film to a prepatterned silicon wafer template
and that the channels are responsible for the enhancement in ionic
conductance over that of the silicone substrate. Moreover, Mirsai-
dov and coworkers [25] reported that graphene channels with
widths of few tens of nanometer can be generated by surface
energy-driven spontaneous scrolling of hydrophobic graphene
upon contact with water. Most recently, its was shown simple
drying can be utilized to form random graphene wrinkles that
contains water with a phase behavior being different from that of
bulk water [27]. Unfortunately, the former suffers from a time-
consuming multistep photolithographic procedure along with
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giving only micrometer channel widths, and the latter approach
lacks control over the positions and sizes of the formed nano-
channnels. Consequently, the development of a simple method to
form graphene nanochannel in a controlled manner is a highly
desirable endeavor.

On the other hands, the investigation of entrapped water at the
two dimensional interface between graphene and hydrophilic
surface such as mica and SiO,/Si substrate have been extensively
studied in details [32—36]. Those studies suggest that confined
water exhibits ice-like water structure within confined nanometer
space and isotropically diffuses. However, interfacial behavior of
water in graphene on hydrophobic substrate was not studied
systematically.

In the investigation described below, we found that graphene
nanostructures can be formed in a controlled manner by using
focused laser irradiation of water entrapped between the gra-
phene/substrate sandwich structure. The procedure for graphene
nanostructure generation involves three stages beginning with
water diffusion into interstitial areas between graphene and a hy-
drophobic substrate, followed by laser beam promoted vapor-
ization of the entrapped water, and final upward bulging and
sliding of the graphene to form 5—20 nm high and a few hundred
nanometer wide nanochannels and nanoballoons. In the course of
this process, liquid-like diffused water decouples strong interaction
between graphene and the hydrophobic substrate, which leads to
partial floating of the graphene and consequent sliding to produce
nanostructure.

2. Experimental
2.1. Materials and instrumentations

All reagents are of spectroscopic grade and used without further
purification. Mechanical exfoliation of highly crystalline kish
graphite flake (Toshiba, Japan) was performed by using Scotch tape.
Silicon with 285 nm thick SiO, (Lot #:7400383-603-Z, Shinetsu,
Japan) were utilized as a substrate for mechanically exfoliating
graphene. Scotch tape with exfoliated graphene was attached on
the center of substrate, and vacuum annealing at 120 °C for 10 min
was performed to improve graphene adhesion, inducing w¢g and wzp
upshifts, and to release trapped gas at graphene-substrate interface
[37]. Millipore quality DI water with a resistivity greater than
18 MQ was used in all experiments. Bare and octadecyl-
trichlorosilane (OTS)-functionalized substrate (ODS), used as
respective hydrophilic and hydrophobic silicon substrates, were
prepared by using the following methods. Bare SiO;, substrate was
prepared by sequential washing with methanol, acetone and iso-
propanol, followed by application of a N, stream. ODS was made by
using self-assembled monolayer formation on O, plasma cleaned
Si0,/Si substrate (100 W power, O, = 20 sccm, 0.30 Torr, 60 s), a
step necessary for enabling full coverage of OTS on SiO, [38].
Plasma cleaned SiO, substrate was immersed in 10 mM OTS solu-
tion in dry toluene, which was obtained by treating with 4 A mo-
lecular sieve. The substrate was washed with toluene and dried
with a N stream to produce ODS. It is noteworthy that both ODS in
water and graphene/ODS without water does not have any
noticeable damage after focused laser irradiation whose intensity
varies from 0.5 mW to 65 mW up to 30 s (Figs. S1a and b for ODS in
water and Figs. S1c and d for graphene/ODS), judged by AFM
topography. However, prolonged 50 mW exposure for 3 min on
graphene/ODS without water resulted in graphene hole (Figs. S1e
and f). Microscopes and objective lenses were purchased from
Olympus (Japan). Other optical elements such as convex lenses and
bandpass filters were purchased from Thorlabs (NJ, USA). Optical
microscope measurements were conducted using an upright
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microscope (BX51) equipped with 100x objective lens (numerical
aperture (NA) = 0.90) and a CMOS camera (3.6 pm/pixel,
1280 x 1024, DCC1645C, Thorlabs, NJ, USA). AFM topographies
were obtained by using JPK nanowizard (Switzerland) via tapping
mode. A silicon cantilever (force constant: 37 N/m, ACTA-20, App
Nano, CA, USA) was utilized with a resonance frequency of 300 kHz.
Quoted radius of curvature from AFM tip is 6 nm. Especially,
presence of residual adhesive and layer information during gra-
phene exfoliation was obtained by collecting a reflection image of
the sample using a charge-coupled device (CCD) (4.54 um/pixel,
1940x 1460, CoolSNAP MYO, Teledyne Photometrics, AZ, USA) with
100x objective (NA = 0.90) and 550 nm bandpass filter
(FWHM = 10 nm, FB550-10) in the emission side of upright mi-
croscope. Typically, differential reflectance values of SLG, obtained
by subtracting sample reflectance from substrate reflectance
divided by substrate reflectance, are below 0.08 and are free from
contributions from residual adhesive, which in good agreement
with our previous report [39]. SEM images were acquired by using
field emission SEMs (SU8000, Hitachi or 7610f-plus, JEOL Ltd.,
Japan) operating at 5 kV as an acceleration voltage.

2.2. Water diffusion experiments

Monitoring of water diffusion was performed in an O-ring
sealed cell chamber (SC15032, Aireka Cells, Aireka Scientific Co.,
Ltd, Hong Kong) which allows measurements to be made on gra-
phene through a pair of piranha-cleaned round-shaped coverslips
(thickness: 0.20 mm, Lot. 30474819, Marienfeld, England) at 25 °C
(Fig. 1c and d). Special care was taken to maintain ultraclean
chamber, whose surface and contacts with the graphene surface
were thoroughly cleaned using cotton balls. Exfoliated graphene on
ODS was elevated to near the focal length of objective on an
anodized block placed in cell chamber filled with water. The top lid
was carefully placed on the cell chamber to avoid any trapped
bubble formation. Using this setup, long term Raman mappings
were performed over periods of few tens of days.

Graphene exfoliation

b
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c Water diffusion Laser d
irradiation A4cuas
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Fig. 1. Graphene nanostructure formation by using laser irradiation promoted vapor-
ization of water entrapped between graphene and ODS. (a) OTS functionalization of O,
plasma-treated 285 nm thick SiO,/Si substrate. Note that SiO,/Si has innate roughness.
(b) Graphene exfoliation on ODS. (c) Water diffusion into interspace between graphene
and ODS in a viewport-containing water chamber. (d) Laser-assisted heating and
vaporization of the entrapped water, and subsequent formation of graphene nano-
structures by bulging and sliding.
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2.3. Raman measurement and nanostructure formation

Layer number, stain, and doping of exfoliated graphene were
examined by using Raman spectroscopy. A custom-made Raman
spectrometer on an optical microscope with a 532 nm laser using
backscattering geometry was utilized to obtain graphene scattering
signals as described previously [39]. The scattered light was
collected with a 100x objective (NA = 0.9), and dispersed by Triax
320 (focal length = 320 mm, Horiba, Japan) with a grating of
1800 g/mm, leading to approximately 0.8 cm~! resolution. The
laser spot size based on beam waist is ca. 1 um. For nanochannel
formation, laser power of 0.5 mW was utilized. The spectrometer
was calibrated with several lines (365.015, 404.656, 435.833,
546.074, and 579.066 nm) of an Hg/Ar lamp peak with polynomial
fitting by using a Hg—Ar calibration lamp (HG-2, Ocean Optics, FL,
USA). The 520.89 cm~! band of the Si substrate was used as an
internal reference. Raman mapping along with nanochannel for-
mation were conducted with a stepper-motor driven xy stage
(Scanning stage, SCAN 75 x 50, Marzhauser Wetzlar, Germany) and
a 1 pum step size was utilized for raster scanning of the sample
(raster scanning of the sample with scanning repeatability <1 pm).
Raster-scanning Raman mapping, using a coverslip-tolerant
objective (LMPlanFI, 50x, NA = 0.50), was conducted for 2, 4, 7,
17, 24, 42, 53, 63, and 75 d periods and the results were collected
using a 7 s integration time.

2.4. Nanoballoon formation

After water entrapment was confirmed by Raman spectroscopy,
nanoballoons were formed by using irradiation from a higher po-
wer laser (50 mW) with a 7 s integration time. Each step size for
raster scanning during laser irradiation was 0.5 pm. Laser irradia-
tion on sample was masked every other step. G and 2D bands of SLG
were deconvoluted by single Lorentzian fitting, and 2D band of BLG
was fitted by four Lorentzian shapes. Especially, component of
second lowest frequency were chosen for w2D of BLG. For Raman
mapping, we have collected Raman spectra from 50 different spots
and obtained average and standard deviations.

3. Results and discussion

The process developed in this effort for graphene nanostructure
formation is illustrated in Fig. 1. In this effort, we found that water
diffuses into and forms a sandwiched structure in the interplanar
space between graphene and a hydrophobically functionalized
SiO,/Si substrate, and is evaporated and induces formation of gra-
phene nanostructures such as nanochannels and balloons. In pre-
sent approach, O, plasma treated 285 nm thick SiO,/Si substrate is
initially treated with octadecyl-trichlorosilane (OTS) to prepare
octadecyl-terminated substrate (ODS) (Fig. 1a, see Experimental for
the details). In next step, the graphene sample is prepared by
micromechanical exfoliation of a kish graphite flake using Scotch
tape onto the substrate (see Experimental). In order to enhance the
graphene-substrate interaction [40], the exfoliated graphene sam-
ple on the substrate was annealed at 120 °C under vacuum (Fig. 1b).
Subsequently, the sample is immersed in a deionized (DI) water
contained in a sealed chamber to enable water diffusion into the
interplanar space between the graphene and ODS layer (Fig. 1c).
Finally, the graphene-water-ODS sample is irradiated with a
focused laser (532 nm) of ca. 1 pm beam diameter through a
coverslip of transparent sample chamber using coverslip-tolerant
objective lens. Local heat resulting from the focused laser irradia-
tion is absorbed by the Si substrate and transferred to interfacial
water to promote vaporization (Fig. 1d). Owing to the excellent
mechanical [7] and hermetic [41] properties of graphene, the water
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vapor causes graphene to bulge upwards by sliding without tearing.
3.1. Characterization of graphene nanochannels

Studies were conducted to assess the controlled nanochannel
formation of graphene occurring on the hydrophobic substrate. The
results of contact angle goniometry indicates that ODS has a much
higher contact angle ¢ (i.e., 133.2 + 1.4°) than those of both bare
substrate (i.e., 63.0 + 2.3°) and O, plasma treated substrate (i.e.,
14.6 + 0.8°) (Fig. S2 and inset, see Supporting Information). This
observation is in accordance with those reported earlier [38,42],
indicating that ODS is successfully produced. The layer number and
crystallinity of graphene generated by using micromechanical
exfoliation on the substrate were readily determined utilizing op-
tical contrast, atomic force microscopy (AFM), and Raman
spectroscopy.

Fig. 2a—b displays AFM topography images of graphene on ODS
before and after laser-irradiation to induce vaporization of water
entrapped between graphene and ODS. The AFM height topog-
raphy profile (Fig. 2a) shows that as-exfoliated graphene is
composed of different layer numbers that intimately conforms the
underlying ODS surface. In order to determine the layer number, a
height profile was determined at different locations. The height
profile (black trace, Fig. 2c) along segment « displays a 0.53 nm step
from the substrate to graphene, which is similar to thickness
(0.34 nm) of a single layer of graphene (SLG) [43,44], whereas that
the interface between SLG and bilayer of graphene (BLG) displays a
0.38 nm step (Fig. 2a). Further investigation of corresponding AFM
phase images (Figs. S3a and b) shows that the interface between
SLG and BLG does not show significant phase difference, suggesting
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Fig. 2. AFM topography measurements of graphene nanochannels formed by laser-
induced vaporization of entrapped water. Height images in (a) as-exfoliated gra-
phene, and (b) laser irradiation of graphene/ODS containing entrapped water. Height
profiles in (c) the SLG part along segments « in (a) and (b) before (black) and after
laser-irradiation, and (d) SLG and BLG interfaces along segment (3 in (b). (e) Entire AFM
topography of laser irradiated (top) and bare (bottom) regions. Laser-induced nano-
channels were formed within exposed area in yellow dashed box in which solid and
dashed lines indicate fast and slow axes of laser irradiation direction by raster scanning
of xy stage. (f) Graphene edge retreatment before (black) and after (red) laser irradi-
ation by overlapping traced edges and nanochannels in (a) and (b). Dashed line is
segmentation induced by raster scanning of xy stage. (A colour version of this figure
can be viewed online.)
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continuous atop graphene on discontinuous graphene.

Following immersion in water for 10 days (tyater = 10), the raster
scanning method, with a fast axis along the longitudinal direction
of graphene (Fig. 2e), was used. A focused continuous laser
(532 nm, 0.5 mW, 7 s/pixel) via a coverslip-tolerant 50x objective
lens was employed to irradiate the sample in a water chamber with
coverslip viewport. Inspection of the AFM topography image of
Fig. 2b shows that, upon laser irradiation, the graphene surface
becomes decorated with an array of approximately 1 um-spaced
vertical wrinkles which are similar to the step size of the slow axis
during raster scanning. This result is in stark contrast with random
wrinkles of graphene created by natural drying (see AFM height
image and profile of Figs. S4a and b). As can be seen by viewing
Fig. 2c and d, the heights of wrinkles created on the graphene
surface vary from 4 to 16 nm, and the wrinkles display full width at
half maximum height (FWHM) of as large as ca. 140 nm with un-
certainty originating from 6 nm tip radius of curvature of AFM
cantilever. It is noteworthy that wrinkle propagations from SLG and
BLG does not produce significant changes in their topographies.
Moreover, the graphene surface after water immersion followed by
laser irradiation is elevated by 1.4 nm as compared to that of the as-
exfoliated material (Fig. 2¢). The height difference before and after
exposure to water and laser irradiation suggests that the graphene
has entrapped water underneath. In addition, the height of the
laser irradiated area is slightly less than that (i.e., 3 nm) of the
water-entrapped non-irradiated area (Fig. 2e), presumably because
water loss has taken place through vaporization. In addition, non-
irradiated water-containing graphene does not exhibit a notice-
able wrinkle structure. Thus, wrinkle formation clearly results from
laser irradiation. In addition, ODS does not show any topographical
change (see Experimental), suggesting that water is the main
reason for this formation. Upon careful investigation of graphene
nanochannel, a series of abrupt changes along wrinkles was
observed as indicated by dashed line in Fig. 2f. Those changes seem
to originate from the repeatability limitation of motorized xy stage
(see Experimental). Furthermore, a comparison of the traces before
and after the laser irradiation shows that wrinkle formation results
in a slight lateral shrinkage (i.e., 70 nm) of graphene edges (Fig. 2f).
The length attenuation is a compensation for wrinkle formation,
which is in line with graphene shrinkage expected to take place
upon formation of graphene nanochannels. In addition, as
compared to that before irradiation (black trace of Fig. 2c), the
surface profile after laser irradiation (red) shows that some contacts
exist between graphene and the bottom ODS substrate (see circled
area of Fig. 2c). This result suggests that local pinning of graphene
on ODS provides positional stability of graphene during channel
formation. Notably, many graphene flakes (Fig. S5) are scrolled
during water diffusion due to thermodynamic stability of scrolled
form [25,45,46].

A question considering the mechanism of nanochannel forma-
tion is the nature of the component(s) responsible for light ab-
sorption. It is obvious that, water whose absorption edge is near
180 nm, does not absorb light in the visible region. In contrast, Si
with a band gap of 1.1 eV and a wafer thickness of 500 pum is likely
the major light absorber. SLG, which has a transparency in the
visible range of 97.7% [8], is expected to be a minor 532 nm light
absorbing component. Heat created by light absorption of both of
these materials is transferred to water to promote vaporization that
forms graphene nanochannels. It is well known that laser power
density of 10*—10% W/cm? realizes high local temperatures (100 °C
or higher), which were employed to manipulating Au nanoparticles
[47,48]. Based on 1 um beam diameter and 0.5 mW laser power,
laser power density is 1.3 x 10° W/cm?. In case of direct exposure to
graphene/ODS without water for short period (up to 30 s), such
irradiation does not result in any change (Figs. S1c and d). However,

87

Carbon 183 (2021) 84-92

upon prolonged 50 mW exposure up to few min, graphene forms
holes (Figs. S1e and f), suggesting that laser dosage matters. After
the vaporization, water would condense into liquid water back due
to the graphene pressure which will be discussed later. The 140 nm
lateral dimension of the nanochannel, revealed in the AFM mea-
surement, suggests that the heat generated is highly localized and
is smaller than 1 pm focused beam size. The localization sub-
stantiates the proposal that Si is the major light absorber because it
and SiO, have much smaller thermal conductivities of 156 and
1.3 W/m-K, respectively [49,50], as compared to that of suspended
graphene (4800—5300 W/m-K) [51].

Water trapped between equally hydrophobic planes has some-
what different properties than interfacial water present between
graphene and hydrophilic substrates such as mica and SiO,
[32,52,53]. Xu and coworkers [32] reported that interfacial water in
graphene-water-hydrophilic mica has a two water layer thickness
(i.e., 037 nm), and that is introduced into the interfacial gap be-
tween graphene and hydrophilic SiO,/Si substrate by diffusion [53].
The prolonged stability of its structure in this environment [53]
suggests that interfacial water is not fluid but rather it exists as a
rigid ice-like layer that holds graphene in place through van der
Waals (vdW) interactions. In addition, laser irradiation of the
sandwiched structure on a hydrophilic substrate under analogous
laser irradiation conditions during focused laser Raman mapping
does not result in graphene wrinkle formation [53]. It might be
possible to pattern such structure with increased laser dosage
which is a topic for future publication. Nevertheless, we speculate
that the few tens of layered water molecules entrapped between
the hydrophobic graphene and ODS planes is thick enough to
enable water to behave like a fluid and decouple vdW interactions
(or friction) between the graphene/ODS layers. The graphene on
the fluidic water can slide, so the pressure caused by the formed
water vapor under laser irradiation results in the movement of
graphene, leading to the lateral reduction, and it undergoes
bulging-up under the pressure exerted by the formed water vapor.

3.2. Raman spectroscopy investigation of water diffusion into
hydrophobic planes

Insight into the diffusion of water between the hydrophobic
graphene and ODS layers was gained by using in situ Raman
spectroscopy and mappings, which is powerful tool to decipher
graphene doping and strain in two dimension [54,55]. In Fig. 3a is
displayed an optical microscope (OM) image of graphene, showing
the optical contrast difference for SLG and BLG domains. Using the
aforementioned water chamber with a coverslip, a series of Raman
maps were recorded as a function of tyaer (bottom panel of
Fig. 3c—g). Exfoliated graphene on substrate was initially annealed
at 120 °C for 10 min to induce an enhancement of the vdW inter-
action between graphene and substrate [56]. Annealing results in
graphene doping and biaxial strain due to the presence of a charge
impurity and undulations of the substrate (i.e., 0.19 and 0.2 nm root
mean square (rms) roughness for ODS and bare substrates, Figs. S6a
and b) [39,56]. The Raman spectrum of the SLG domain (Fig. 3b)
contains two prominent peaks at 1586 and 2681 cm™!, corre-
sponding to graphitic G and its overtone 2D bands, respectively
[54]. The annealing step results in 5 and 14 cm~! shifts of the po-
sitions of the G and 2D bands (w¢ and wap, respectively) to higher
frequencies than the charge neutral positions O (w2 = 1581 and
w3p = 2667 cm~ !, respectively) which are obtained from a spec-
trum of suspended graphene that is not interacting with substrate
[57]. In addition, an appreciable disorder-derived D band near
1345 cm~!, which is typically associated with less fluidic water
entrapped between graphene and hydrophilic water, is not
observed in the Raman spectrum [53]. The intensity ratio of the 2D
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Fig. 3. Raman spectroscopy characterization of water diffusion behavior into the interspace between graphene and ODS. (a) OM image of mechanically exfoliated graphene. (b)
Raman spectra of annealed SLG region (top), annealed BLG region (middle) and water-incubated SLG (bottom) after 24 d. Insets show Raman spectra containing water OH bands

near 3450 cm™!

. (c—g) wg maps from annealed and immersed states as a function of tyater (i.., 4, 7, 24 and 75 d). (c’-g’) The corresponding w,p maps. Laser excitation: 532 nm. Scale

bar: 5 pm. (h) The advance of entrapped water as a function of tyer based on the nearly charge-neutral G band at ca. 1583.5 cm ™.

and G bands (Izp/Ig), which is useful for determining layer number
[54], is ca. 1.7, and FWHM of the 2D band (I';p), which is sensitive to
layer number, is ca. 20 cm ™!, a value that is in reasonable agreement
with that for SLG (24 cm™!) [54]. Likewise, the BLG region of the
spectrum contains G and 2D bands at 1584 and 2688 cm™, the
latter of which can be further deconvoluted into four Lorentzian fits
(gray line) which originate from two intervalley phonons scatter-
ings from highly symmetric K and K' points in the Brillouin zone
[58].

Water entrapment causes decoupling of the graphene-substrate
interaction and an associated progressive shifts of wg and wyp to-
ward the lower frequencies, showing approaches to the charge-
neutral positions O [56]. Inspection of the Raman spectrum ac-
quired on the tyater = 24 d sample (bottom panel of Fig. 3b) shows
that w¢ and wyp are downshifted respectively by 3 and 5 cm™!, and
that I'c and I';p are broadened (see numbers in bracket) as
compared to those bands in the spectrum of the annealed graphene
sample. This behavior mainly originates from phonon softening in
the G and 2D bands due to de-doping of the Dirac cone of the
graphene electronic structure [39,54,56]. Upon closer inspection,
we also observed a broad band near 3444 cm™! (see bottom-inset
of Fig. 3b), which originates from diffused water along with the
2D' band at 3249 cm™ . This result indicates that water diffuses into
the hydrophobic planes.

A series of Raman maps, which are based on trends seen in the
positions of w¢ (Fig. 3c—g) and wyp trends (Fig. 3c’-g’) along with
their widths (Figs. S7TA—E and S7A’-E’ for I'g and I';p map changes,
respectively), were recorded to evaluate how water diffusion occurs
in the layer between equally hydrophobic planar structures. As
judged by the lower frequency shifts and peak broadening of wg
and wyp, water diffusion begins at the interfacial corner of BLG to
SLG (yellow arrow in Fig. 3c). This observation indicates that
anisotropic water diffusion occurs into the graphene slap where it
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interacts with ODS to a lesser extent (Fig. S8). Time-dependent
water-front advance area, defined by wg < 1584 cm™, is illus-
trated in Fig. 3h. Diffusion starts at the weakly interacting interfa-
cial corner point and advances to near the central basal plane over
few tens of days. The diffusion rate 7 of the fastest part of the water-
front is ca. 2.72 um/d, and 7 becomes slower with tyater-

The observed nature of anisotropic and slow water diffusion in
between graphene and a hydrophobic substrate is somewhat
different from the case of its diffusion in graphene on a bare (hy-
drophilic) Si substrate [53]. In the latter case, water diffusion occurs
on all peripheries of a graphene flake and its rate (2.4—72 pm/d)
[53] is 2—26 times faster than that between graphene and a hy-
drophobic substrate. This finding starkly contrast with the results of
recent theoretical calculations that show water diffuses much
faster on a hydrophobic surface than it does on a hydrophilic
counterpart [59,60]. We speculate the observation of slow water
diffusion in hydrophobic planes originates from the vdW interac-
tion occurring between graphene and the hydrophobic substrate.
The reason for this mainly stems from the large pressure (i.e., 1 GPa)
exerted by the vdW interaction between two graphene sheets [61].
In contrast, carbon nanotube possess cylindrical structure rigidity,
display much higher 7 than mesoporous silica with a similar pore
size [62]. Thus, the vdW pressure plays a key role for water to
diffuse into equally hydrophobic surfaces, a conclusion that is in full
accord with the observed anisotropic diffusion of water along the
weak interaction position with graphene-ODS.

Raman spectroscopic changes taking place with increasing twater
were also evaluated. By inspecting the tyae-dependent changes of
SLG displayed in Fig. 4a. It can be seen that as tyater increases wg and
wyp progressively shift to lower frequencies and undergo peak
broadening. No D peak near 1345 cm~' was observed throughout,
which suggests that lattice deformation of graphene on water/hy-
drophobic substrate does not occur unlike the case from
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hydrophilic substrate [53]. This finding indicates that graphene
suspended on the entrapped water layer is in a highly uniform
environment free from localized strain caused by the underlying
topography [53]. Evaluation of the tyater dependencies of wg and
w>p change (Fig. 4b) shows that these bands undergo exponential
low frequency shifts that plateau at 1582 and 2675 cm™!, respec-
tively. In Fig. 4c is displayed the tyater dependent peak width
behavior of the G and 2D bands. Clearly, peak broadening occurs in
concert with a low frequency peak shift as tyater increases. Espe-
cially interesting is that the respective I'c and I';p at twater = 75 d
are 11.8 and 27.6 cm™}, extreme peak broadening that suggests the
occurrence of phonon softening of graphene owing to propensity to
charge neutral graphene upon water contact [63,64]. Similar low
frequency shifts and broadening behavior were observed to lesser
extent in the BLG region (Figs. S9a—c).

It is known that water intercalation affects strain and doping of
graphene. Studies have shown that w¢ and w,p display quasi-linear
responses to levels of graphene doping [63] and biaxial strain (&)
[65]. Lee and coworkers [66] reported that the crossing point of wg
and wyp can be dissected into doping and biaxial ¢ contributions
[66]. According to this method and the one we developed previ-
ously [39], the tyater dependent behavior of wg and wyp was eval-
uated in terms of doping and ¢ contributions. In Fig. 4d is given a
plot of wg vs wyp trends dissected into charge carrier doping and
strain components. The respective bottom and top abscissas denote
w¢ and concomitant charge doping level (i.e., positive and negative
signs denote p- and n-doping, respectively). The left and right or-
dinates denote wyp and biaxial e (i.e., positive and negative signs
denote respective tensile and compressive ). Changes in ¢ (ie.,
Awrp/Awc = 2.2) and doping (Awzp/Awg = 0.7), originating from the
biaxial strain and doping responses of SLG [66], are indicated in
bold lines. The Raman map of annealed graphene on ODS displays
average wg and wop of 1586.0 + 0.3 and 2681.4 + 0.4 cm ™! (Table S1)
with respect to positions of charge neutral graphene O (1581 and
2667 cm, respectively). The Raman positions of the annealed
graphene display 0.3% compressive ¢ with slight n-doping with
respect to charge neutral values. The spread of wg and wyp in gra-
phene on the hydrophobic state as indicated by error bars is
approximately four times narrower than that (ie., +1.2, +1.7) of
graphene on a hydrophilic substrate annealed at a similar tem-
perature (i.e.,, 100 °C) [66]. Importantly, a comparison of the wyp
spread in materials with hydrophobic and hydrophilic substrates
indicates that ODS provides a more uniform charge and ¢
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distribution along the surface, and subsequently provides less
localized compressive ¢, which is in accordance with earlier ob-
servations [38]. As twater increases, wg and wyp progressively shift to
lower frequencies mainly along the ¢ axis. This result suggests that
compressive ¢ is slowly relieved from graphene on substrate and
approaches the charge neural value when water diffuses between
the graphene and ODS. This result suggests that graphene can be
utilized as sensitive indicator for water intercalation and substrate
interactions in hydrophobic substrates.

3.3. Formation and characterization of graphene nanoballoon

A further effort demonstrated that by using a similar approach
using programmed laser irradiation, a graphene nanoballoon
structure can be created. For this purpose, irradiation of water
incubated graphene-ODS was conducted using 0.5 pm stepsized
alternative masking of continuous laser irradiation (i.e., 50 mW).
AFM topography showed that while as prepared graphene-ODS
(Fig. 5a) contains a clean graphene surface, material obtained by
using programmed laser irradiation (Fig. 5b) contains 1 um spaced,
not spherical but slightly elongated nanoballoon structures. It is
noteworthy that appreciable D band increase was not observed as
compared to bare positions even after 50 mW laser irradiation on
graphene in water-containing chamber (Figs. S10a—e), judged by
intensity ratios of D over G bands from several positions (i.e.,
0.13 + 0.02 vs 0.11 + 0.01 for laser-irradiated and bare positions,
respectively). This seems to originate from the chemical inertness
of graphene against water upon laser irradiation. The nanoballoon
structure (Fig. 5¢) is retained even after 4 months, but the heights of
the nanoballoons decrease from 12 nm to 4 nm (Fig. 5d). Because
graphene has elastic properties, nonlinear plate theory was utilized
to calculate the adhesion energy (E) and pressure (P) of the nano-
balloon (see SI for the detailed explanation) [67]. Heights and
radius data collected from five nanoballoons (Figs. S11a—e) were
used to show that P varies from 0.18 to 0.43 MPa (Table S2), indi-
cating that the pressure in the nanoballoon is slightly higher than
atmospheric pressure, supporting slightly irregular circular shape
of nanoballoon. P from 4 month old sample approaches to ca.
0.1 MPa, atmospheric pressure. In addition, E was shown
0.55—2.6 mJ/m?, suggesting that E of graphene on entrapped water/
hydrophobic substrate is quite small, much smaller than those of
graphene on Cu (ie., 12.8 J/jm?) [68] and on hydrophobic poly(-
dimethylsiloxane) (i.e., 7 mJ/m?) [69]. It should be noted that the
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results of theoretical calculations show that graphene on SiO;
surface has lower adhesion energy when SiO, surface is either
hydroxylated or water is adsorbed [70]. Experimental results
arising in this investigation along with previously reported obser-
vations suggest that graphene on water exerts an extremely small E
with underlying substrate, which facilitates nanostructure forma-
tion of graphene by enabling ready sliding and bulging. Addition-
ally, those graphene nanoballoons created in similar manners can
be observed by scanning electron microscopy (SEM) image as
demonstrated in Figs. S12a and b.

By comparing nanochannel and nanoballoon cases, the created
nanochannel and nanoballoon have similar order of FWHM (i.e.,
140 nm vs 260 nm, respectively) despite large difference in the used
laser intensities (0.5 vs 50 mW, respectively). Consideration of 100
times large intensity cannot give similar order of FWHM. This di-
rects to consider the role of limited amount of water for the shaping
of nanostructures. Since entrapped water was finite amount (i.e.,
1.4-3.0 nm in height), those seem to serve as a limiting factor for
shaping the graphene nanostructures. Behind the graphene nano-
structure formation, water fluidity plays important roles for the
process of formation of graphene nanostructures. Fluidic water
rather than ice-like water facilitates graphene sliding motion as
evident by lateral shrinkage of the laser-irradiated graphene. In
addition, fluidic water slowly relieved graphene strain which is
induced by graphene/substrate interaction. Lastly, the aforemen-
tioned vdW interaction between graphene and hydrophobic sub-
strate would further prompt for possible ice water to melt. Those
aspects are important to explain the formation of graphene
nanostructure.

4. Conclusions

In the investigation described above, we demonstrated that
focused laser irradiation of a graphene-water-hydrophobic sub-
strate can be utilized to form graphene nanostructures including
nanochannel and nanoballoon. In the process, the focused laser
beam irradiation promotes vaporization of confined water which
causes the mechanically robust graphene to bulge upwards by
sliding on the water surface by virtue of vdW interaction between
the equally hydrophobic slap. Water is slowly and anisotopically
diffused into hydrophobically interplanar space. Interplanar water
diffusion decouples the graphene-substrate interaction and pro-
gressively leads to production of charge-neutral graphene as the
immersion time increases by using Raman spectroscopy and time-
lapsed mapping. These observations were employed to create
graphene nanoballoons. Along with detailed understanding of
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water diffusion in between hydrophobic graphene/substrate, these
observations open a new strategy to construct morphologically
modified graphenes and other related two-dimensional materials
which are useful in fundamental studies and for applications to
various nanofluidic devices such as those utilized for bio-sensing,
ion transport and water filtration.
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E and P calculations of nanoballoons.

The size of a bubble depends on the number of trapped atoms/molecules and the induced hydrostatic
pressure inside the bubble is determined by the adhesion forces between the layers forming the
nanoballoon. [S1] Using membrane theory for round shaped bubbles, the hydrostatic pressure (P) and
adhesion energy (E) of the graphene bubbles were calculated by using the following equations.[S2,

S3]

where Y, A, and R are Young’s modulus of graphene (340 N/m)[S4], bubble height, and radius of
bubble, respectively. In fact, the notable elastic properties of monolayer graphene and the strong
interfacial adhesion between graphene and the substrate causes the intercalated atoms to be squeezed
into an extremely small volume where they experience a pressure on the order of GPa. Furthermore,
nonlinear plate theory can be utilized to modify the above equation to become:

~Yh4 Kh?
E =F+32?

_ Yh3 Kh
P = 256? + 64@

where x is the bending energy of graphene (0.24 nN-nm). Based on these equations, a graphene

nanoballoon having 4 =12 nm and R = 250 nm is calculated to have P=0.265 MPa and £ = 1.1 mJ/m?.

S2



Figure S1.

Figure S2.

Confirmation of laser-induced damage on ODS in water and graphene/ODS without

water by varying focused laser intensity from 0.5 to 65 mW. (a) OM image and (b)

corresponding AFM height image after laser irradiation for 30 sec. (c) OM image before

laser irradiation, and (d) AFM height image after laser irradiation for 30 sec. (¢) OM

image before laser irradiation, and (d) AFM height image after laser irradiation for 3 min.
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Figure S3. The corresponding phase images of (a) Figure 2a and (b) Figure 2b.

Figure S4. (A) Random wrinkle formations of water-entrapped graphene sample upon natural drying

and (B) height profile.
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Figure SS. Scrolling of graphenes on ODS during water immersion.
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Figure S6. Comparison of RMS roughness of (a) ODS and (b) bare substrates.
a

Bare
RMS roughness= 203 pm

&

(a2

%

Distance (um)

3%

N

W

! I ]

Distance (um)

1.2

S5



Figure S7. I'c and /2p map changes of graphene according to fwater. (a-€) /G maps from the annealed

and immersed states at certain time (i.e., 4d, 7d, 24d, and 75d). (a’-e’) The corresponding

I>p maps. Laser excitation: 532 nm. Scale bar: 5 pm.
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Figure S8. wc change of SLG according to regions during water diffusion. Inset shows wc map with

the positions in which data were collected.
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Figure S9. (a) Raman spectral changes of BLG domain according to fwater. (b) wG and w2p changes,
and (c) /6 and I2p changes. w2p was taken from second lowest frequency bands among

four Lorentzians.
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Figure S10. Defect assessment of graphene after the laser irradiation. (a) AFM height image, and
the corresponding (b) G band, (c) D band intensity images by Raman mapping of water-

entrapped graphene. Offset Raman spectra of (d) a positions and (e) 3 positions.
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Figure S11. (a-e) Height profile comparison of graphene nanoballoons for laser irradiation (solid line),

and four months after laser irradiation (dashed line).

a b 5]
154
T E 1]
€10 £
= =
2 D 5]
O 51 [0
T T
0 0 =
0 200 400 600 800 1000 0 200 400 600 800 1000 0 200 400 600 800 1000
Distance (nm) Distance (nm) Distance (nm)
d e
151 154
B
=
(o))
S 5
T
0.
0 200 400 600 800 1000 0 200 400 600 800
Distance (nm) Distance (nm)

Figure S12. (a) Optical and (b) SEM images of graphene nanoballoons.
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Table S1. Average wc and w2p with standard deviations according to fwater.

- WG 2D
[d] Average Standard Average Standard
[cm™'] deviation [cm™'] | [ecm']  deviation [cm]
Annealed 1585.8 0.28 2681.1 0.38
2 1584.6 0.23 2679.5 0.28
4 1584.3 0.23 2679.0 0.35
7 1583.8 0.31 2678.1 0.40
24 1583.2 0.34 2676.0 0.50
42 1584.2 0.44 2678.3 0.52
75 1583.1 0.54 2675.7 1.03
Table S2. Physical parameters of nanoballoons and their exerted P and E.
Physical Entry number Average
properties 1 ) 3 4 5 value
h (nm) 11.7 12,1 154 127 7.8 11.9
R (nm) 259 264 293 274 220 262
P (MPa) 0.3 032 043 031 0.18 0.31£0.08
E(mJ/m?) 142 1.50 2.6 1.55 055 1.52+0.65
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