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ABSTRACT: Three-dimensional (3D) microfabrication techniques play a
crucial role across various research fields. These techniques enable the
creation of functional 3D structures on the microscale, unlocking possibilities
for diverse applications. However, conventional fabrication methods have
limits in producing complex 3D structures, which require numerous
fabrication steps that increase the costs. Graphene is an atomically thin
material known for its deformability and impermeability to small gases and
molecules, including reactive gases like XeF2. These features make graphene a
potential candidate as an etch mask for 3D microfabrication. Here, we report
the fabrication of various 3D microstructures using graphene etch masks
directly grown and patterned on a Si substrate. The patterned graphene
deforms and wraps the etched structures, allowing for the fabrication of
complicated 3D microstructures, such as mushroom-like and step-like
microstructures. As a practical demonstration of the graphene etch mask, we fabricate an omniphobic surface of reentrant
3D structures on a Si substrate. Our work provides a method for fabricating complex 3D microstructures using a graphene
etch mask, contributing to advancements in etching and fabrication processes.
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INTRODUCTION

The demand for three-dimensional (3D) microfabrication
techniques is steadily growing across various fields, such as
microelectromechanical systems (MEMS),1,2 bioengineer-
ing,3−5 microelectronics,6 microfluidics,7 and photonics.8−11

Advanced fabrication technology of 3D microstructures plays
an essential role in broadening the range of available options
for material selection and sample scale. While conventional
lithographic approaches are effective for mass production and
large-scale patterning, their capability to produce intricate 3D
microstructures remains limited because these methods often
involve complicated and time-consuming processes for
sculpting such structures.
Atomically thin graphene, known for its extraordinary

properties of low bending stiffness,12 high mechanical
strength,13,14 deformability,15,16 impermeability,17,18 high etch
resistance,19 and chemical stability,20 holds immense potential
beyond its traditional role in electronic applications.
Specifically, it has been reported that graphene has exceptional
etching resistance to XeF2 gas, which is renowned for its high
selectivity toward silicon, leading to extensive applications in
microcantilevers and micromachining devices.21 Instead of
being etched by XeF2, graphene becomes fluorinated graphene
(FG).22−25 Consequently, graphene presents the potential to
serve as an impermeable etch mask26 and an etch stop.27 A key

unexplored question is whether the other features of
deformability can be leveraged in combination with etch
resistance to enhance capabilities.
In this work, we report a technique for fabricating

complicated 3D microstructures by using graphene as a
deformable etch mask. The graphene grown directly on a Si
substrate by chemical vapor deposition (CVD) showed
outstanding resistance to XeF2 gas, which makes it an excellent
choice for an etch mask material. Furthermore, the ultrathin
and flexible nature of graphene allows it to conform to the
underlying structures, enabling the production of intricate
designs that previously necessitated complex procedures.
Additionally, integrating a flexible graphene mask with various
pattern designs facilitates the production of complex 3D
structures with controlled etching depths. As an example of
diverse applications, we fabricated omniphobic surfaces on a Si
substrate with arrays of reentrant structures by using a
deformable graphene etch mask.
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RESULTS AND DISCUSSION

To utilize graphene as an etch mask, we first directly
synthesized it on a silicon substrate by atmospheric pressure
chemical vapor deposition (APCVD; Figure 1a). This
approach avoids critical issues of damage and polymer residue
during the transfer of graphene grown on a catalytic metal

substrate.28 The full recipe is shown in Figure S1. As shown in
Figure 1b, we performed structural analysis of graphene using
Raman spectroscopy. The inset shows an optical image of the
graphene grown on the Si substrate. The Raman spectrum of
graphene clearly shows two main G (1590 cm−1) and 2D
(2682 cm−1) modes along with D (1344 cm−1) and D′ (1623

Figure 1. Direct growth of graphene on the Si substrate and characterization of the as-grown graphene. (a) Schematic depicting the direct
growth of graphene on the Si substrate. (b) Raman spectrum of grown graphene. Inset: image of the large area of graphene grown on Si. (c)
AFM height image of the grown graphene. (d) Bright-field TEM image. Inset: high-magnification high-resolution TEM (HRTEM) image. (e)
Corresponding diffraction pattern of polycrystalline graphene in (d). (f) Dark-field TEM image with the orange circle in (e) corresponding
to the selected aperture.

Figure 2. Fabrication of suspended structures with a graphene mask. (a) Schematic illustrating the fabrication process of the suspended
structure on the Si substrate. (b) Scanning electron microscopy (SEM) images of the etched Si surface with a patterned graphene mask. (c)
Schematic of a cross-sectional view of the Si surface with a patterned graphene mask with a hole. (d−f) SEM images of various 3D suspended
graphene structures. (d) 3D suspended structure with a narrow bridge (e) 3D suspended structure with patterned holes. (f) 3D suspended
structure featuring a void within the structure.
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cm−1) modes. The well-defined G and 2D peaks show that
graphene is crystalline. The presence of the high D peak
indicates the significant presence of defects in the grown
graphene, and the I(D)/I(D′) ratio of 4.3 suggests that the
majority of these disorders are attributed to grain boundaries.29

As shown in Figure 1c, we use atomic force microscopy
(AFM) to confirm that the thickness of the grown graphene
has a range of 1.5−2 nm, which corresponds to few-layer
graphene of 4−5 layers. We investigated the crystal structure of
the grown graphene using transmission electron microscopy
(TEM, Figure 1d−f). The bright-field (BF) TEM image in
Figure 1d shows that the graphene is smooth without patches
or changes in thickness. The inset of Figure 1d is a higher
magnification image showing the crystal structure. From this,
we see that the lattice constant of the grown graphene is 0.32
nm, consistent with the theoretical value of pristine graphene.
Figure 1e shows the selected area electron diffraction (SAED)
pattern from the same location as the BF-TEM image of Figure
1d. The well-defined sets of spots with 6-fold symmetry
indicate that the grown graphene is polycrystalline. The dark-
field (DF) TEM image of Figure 1f, constructed from the
diffraction spot of the orange circle in Figure 1e, shows that the
grown graphene is polycrystalline with grain sizes of tens of
nanometers and well-stitched grain boundaries.30,31 Note that
all grains are false-colored to show each grain.
Figure 2a schematically shows how we fabricate the

graphene etch masks and use them to make suspended

structures. We patterned the directly grown graphene on the Si
substrate using e-beam lithography or photolithography and
then etched the graphene into desired patterns using CF4
plasma. After removal of the resist, the sample was exposed to
XeF2 gas to etch the Si substrate. Figure 2b shows an example
of an etched 3D structure of the Seoul National University
Logo. A key observation is that the regions of the silicon
covered by the graphene etch mask exhibited no change.
In Figure 2c, we determine the etch rate of Si in vertical and

lateral directions using a cross-sectional scanning electron
microscopy (SEM) image of an 18 μm wide line in the
graphene mask, exposed to XeF2 gas at 3 Torr for a total of 200
s. The sample exhibits undercut etching under the mask,
demonstrating a similar etch rate in both vertical and lateral
directions, confirming isotropic etch characteristics of XeF2.
Additionally, the etching behavior of the Si substrate with the
rectangularly patterned graphene mask exhibits isotropic
etching in all in-plane directions (Figure S2a,b). The isotropic
etching of XeF2 results in undercut etching of the silicon
substrate beneath the graphene mask, thus offering a technique
to fabricate suspended 3D graphene/silicon structures.
In Figure 2d−f, we demonstrate how the undercut etching of

Si beneath the graphene etch mask can be used to fabricate 3D
suspended graphene structures. As shown in Figure 2d, during
the XeF2 etching process, the Si underneath the narrow
graphene bridge was selectively etched, leaving behind Si
supports beneath wider graphene patterns. This process led to

Figure 3. Fabrication of wrapping structures with a deformable graphene mask. (a−c) Schematic images and SEM images illustrating the
fabrication process for wrapping structures. (d, e) Serrated reentrant structures fabricated through a wrapping and etching process using a
deformable graphene mask. Inset: design of a graphene mask for each 3D structure.
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the formation of a suspended graphene bridge structure.
Employing patterned perforations in the suspended bridge area
proves to be an effective method for producing 3D suspended
structures with a larger bridge surface area (Figure 2e). Unless
these perforations in the bridge area are too small, they permit
the silicon beneath the bridge region to undergo etching.
Likewise, incorporating patterned perforations into the
graphene mask design serves as a tactic for generating cavities
within the silicon structure. By implementation of this
approach, a 3D structure featuring graphene suspended on
hollow, cylinder-shaped silicon was successfully fabricated
(Figure 2f). By harnessing the isotropic properties of XeF2 and
employing specific pattern design techniques for the etch mask,
a diverse range of 3D suspended graphene/silicon structures
were effortlessly created (Figure S3). This demonstrates
boundless potential for crafting distinctive 3D suspended
structures.
In Figure 3, we explore how to wrap the suspended graphene

etch masks onto the underlying etched surfaces to achieve
complex 3D structures. Figure 3a−c schematically shows the
wetting process we used to wrap the graphene, along with
representative isometric SEM images of each step on a
patterned mushroom 3D structure. We applied isopropyl
alcohol (IPA) onto the substrate and then let it dry. IPA is
known to leave little surface residue and is commonly used as a

last cleaning step in processing. As droplets of IPA naturally
evaporate, the surface tension pulls on the suspended graphene
and causes the flexible graphene mask to conform to the
underlying Si structures (Figure 3b). The graphene firmly
attached to the Si structures serves as a protective barrier
during subsequent etching by XeF2, resulting in reentrant
structures (Figure 3c). We note that this process is sensitive to
the thickness of the grown graphene because bending stiffness
and deformability are sensitive to the thickness. In Figures S4
and S5, we explore this thickness dependence and show that
monolayer and bilayer samples are more easily conforming to
the surface. Likewise, the 30 min-grown graphene thinner than
that grown for 2 h by reducing the growth time shows similar
results with monolayer and bilayer samples.
In Figure 3d,e, we additionally fabricated diverse 3D

structures, including the serrated reentrant structures, by
utilizing graphene masks with serrated contours. The thickness
of the upper protruding part of these 3D reentrant structures
can be controlled by adjusting the length of the undercut
region of graphene before the wrapping process (Figure S6a).
More undercut etching under the graphene mask before the
IPA dropping process results in the fabrication of structures
with thicker upper protruding parts, while less undercut leads
to the thinner thickness of upper parts. (Figure S6b) With a
deformable graphene mask, complex 3D structures that are

Figure 4. Controlling the etching depth in the fabrication of 3D structures. (a) A schematic of the cross-sectional view depicting the etched
surface of a silicon substrate with a patterned mask. (b) The relationship between vertical and lateral etch rates on the hole width of the
patterned graphene mask. (c−e) Control of etching depth depending on the size of holes in the graphene mask. (c) The design of a graphene
mask featuring holes of different sizes at equal intervals. (d) SEM images of the etched surface with a graphene mask featuring holes of
varying sizes. (e) Surface profiler measurement showing the etched silicon surface. (f, g) 3D structures fabricated by controlling the etching
depth: (f) a protruding structure and (g) a step-like structure.
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hard to fabricate with conventional rigid and thick mask
materials are achievable.
In Figure 4, we explore how to modulate the etch rate by

changing the feature size to create 3D structures with different
heights. To further investigate the etching behavior of XeF2 gas
beyond the characteristics shown in Figures 2c and S2, we
fabricated line patterns with various widths in graphene etch
masks supported by a PMMA layer. Subsequently, for each line
width, we measured the lateral and vertical etch rates of the Si
substrate when exposed to XeF2 gas at 3 Torr for 200 s (Figure
4a). Figure 4b shows the resulting measured vertical and lateral
etch rates versus width. For graphene etch masks with a hole
width smaller than 5 μm, the vertical etch rate is strongly
dependent on the hole size. Thus, by modulating the hole size,
we can engineer 3D structures. To modulate the etching depth
of the Si substrate, we fabricated arrays of square holes with
varying sizes of 0.6, 1.4, 2, and 3.6 μm and the same pitch of
1.4 μm by e-beam lithography as illustrated in the graphene
etch mask design of Figure 4c. As shown in Figure 4d, after
XeF2 etching, a step-like structure was achieved with the
etching depth corresponding to the size of the holes. The
etching depths measured by a surface profiler are approx-
imately 4, 6, and 9 μm for hole sizes of 1.4, 2, and 3.6 μm,
respectively. The Si substrate under the mask patterned with
0.6 μm sized holes was not fully etched due to a low lateral
etch rate when compared to the pitch between each hole. As a
result, the etching depth could not be measured by the surface
profiler.
In Figures 4f,g and S7, we show the applicability of the

graphene etch mask’s deformability and controlling etch size to

create complex 3D structures by selectively patterning regions
with 2 μm square holes. Together with different etching
depths, we can observe that the fabricated structures are
wrapped in graphene. It is noteworthy that the step-like and
graphene-wrapped 3D structures can be fabricated in a single-
step etching process by employing a graphene etch mask. This
is possible because graphene can effectively protect the
substrate due to its deformable nature during etching. This
stands in stark contrast to conventional etch masks, which lack
such flexibility and deformability.
In Figure 5, we apply the deformable graphene etch masks to

create double-reentrant structures and control surface wett-
ability. Surface 3D microstructures have been used to control
surface wettability.32 Particularly, reentrant 3D structures are
widely employed to achieve omniphobic surfaces.33−35

However, the conventional methods for fabricating the
reentrant structures tend to be complicated.34,36 In this regard,
the graphene etch mask can streamline the fabrication process
for reentrant 3D structures. For comparison, we fabricated two
samples on the Si substrates by using graphene etch masks,
each consisting of an array of distinct 3D microstructures of
the identical size scale: one with a column-like 3D structure
(Figure 5a) and the other with a reentrant 3D structure
(Figure 5b). A large-scale array of reentrant structures,
sufficient for conducting contact angle measurements, was
fabricated. (Figure 5c). After etching, the graphene etch mask
was removed using CF4 plasma, followed by surface
modification to enhance the intrinsic hydrophobicity of
Si.37,38 The Si surface was coated with 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (PFOTS) for surface modifica-

Figure 5. Fabrication of 3D structures for the omniphobic silicon surface. (a, b) SEM images of fabricated arrays of 3D microstructures: (a)
simple column-like structures and (b) reentrant structures. (c) SEM image for a large-scale array of reentrant structures. (d, e) Contact
angles observed on surfaces with (d) simple and (e) reentrant structures when the 50% water−ethanol mixture whose surface tension is
28.57 mN/m was dropped on the surface. (f) Apparent contact angles depending on surface tensions of dropped liquids.
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tion. Contact angles of the fabricated Si surfaces were
measured by dropping droplets of a water−ethanol mixture
(1:1; Figure 5d,e). On the column-like 3D structure, we
observed the Wenzel state, where the liquid completely fills the
gaps between pillars and contacts with the entire exposed
surface of the solid. Conversely, we observed the Cassie−
Baxter state on the surface with reentrant structures, in which
the liquid does not infiltrate the gaps and makes contact with
the interface consisting of both solid and vapor. This resulted
in a superhydrophobic surface with a higher contact angle
compared to the Wenzel state.
To examine the omniphobic characteristics of the fabricated

reentrant structure, we utilized liquids with varying surface
tensions. The surface energy of the water−ethanol mixture
varies depending on the mixing ratio.39 (See Figure S8 for the
surface tension of the water−ethanol mixture used in this
work.) As shown in Figure 5f, we measured the contact angles
of the water−ethanol mixture on different substrates, including
the bare Si substrate, surface-modified Si substrate, column-like
3D structure of Figure 5a, and reentrant 3D structure of Figure
5b. All 3D structures fabricated on Si substrates were also
treated by PFOTS. Both column-like and reentrant Si surfaces
showed significantly higher contact angles than the bare and
surface-modified Si surfaces. Even though the Cassie−Baxter
state with high contact angles of >140° is achieved in both 3D
structures for liquids with high surface tension of >50 mN/m,
the column-like Si cannot maintain the Cassie−Baxter state for
liquids with a lower surface tension of <35 mN/m. In contrast,
the reentrant structures consistently exhibited omniphobic
characteristics, effectively repelling liquids with surface
tensions exceeding 25 mN/m. Additionally, as shown in
Figure S9, both surface-treated silicon and surface-treated
graphene/silicon exhibit similar contact angles, indicating that
the presence of graphene does not significantly influence the
wettability of the surface. These findings underscore the
capabilities of our Si-based reentrant structures in governing
surface wettability across a broad spectrum of liquid types and
surface tensions.

CONCLUSIONS

In conclusion, the advancement of 3D microfabrication
through cutting-edge manufacturing technology is pivotal for
enhancing the performance across various research fields. In
this study, we developed a method to fabricate 3D micro-
structures by using an ultrathin and deformable graphene etch
mask. The graphene directly synthesized on the Si substrate
effectively serves as an efficient etch mask capable of generating
intricate designs including mushroom-like structures. By
incorporating a straightforward wrapping process with
creatively designed graphene, we achieved the production of
3D structures that were previously challenging to manufacture
by using conventional methods. Furthermore, our entire
process, from graphene synthesis to wrapping, is scalable to a
wafer scale. We successfully fabricated arrays of reentrant
structures showing omniphobic surfaces on Si substrates.
Beyond its ability to control surface wettability, our graphene-
based etching technique can be applied to a wide range of
lithographic applications. Our work contributes to the ongoing
developments in diverse fields related to 3D microfabrication.

METHODS

Direct Graphene Growth on Si Wafer. Graphene was
synthesized on the Si substrates by the APCVD method. First, the

Si substrate was positioned within a 2 in. diameter quartz tube and
heated up to 1020 °C for 1 h under H2 (100 sccm). At 1020 °C, CH4
gas (25 sccm) and H2 (100 sccm) were supplied for 2 h at
atmospheric pressure. After the growth, all gas flow was turned off and
the chamber was rapidly cooled to room temperature by pumping to
low pressure.

Characterization of Synthesized Graphene. To characterize
the synthesized graphene, Raman spectroscopy with a 532 nm laser
(Horiba, LabRAM HR Evolution) was used. We used AFM (Park
System NX-10) for imaging and thickness measurements. We used cs-
corrected monochromated TEM (Thermo Fisher, Themis Z) at an
acceleration voltage of 80 kV for SAED, HRTEM, and DF-TEM
images.

Fabrication of 3D Structures with a Graphene Mask. To
pattern the grown graphene, an e-beam resist (950 PMMA A6) or
photoresist (AZ5214E) was coated, followed by e-beam lithography
(TESCAN, MIRA3 XMH) or photolithography (The Heidelberg
MLA 150 Maskless Aligner). To pattern the graphene mask, the
reactive ion etching (RIE) system (Samco, RIE-10NR) was used with
a CF4 flow rate of 20 sccm and a power of 30 W for 3 min. Samples
were immersed in acetone for 10 min to remove the e-beam resist or
photoresist and rinsed by IPA. A XeF2 etching system (SAMCO,
VPE-4F) was employed to etch the Si substrate at PXeF2 = 3 Torr,
texposure = 2−5 min, and room temperature (≈20 °C). Exposure time
to XeF2 was varied to achieve the desired etching depth.

Wrapping Process of the Graphene Mask. To wrap around
the underlying silicon structure with the suspended graphene mask,
IPA was directly dropped onto the sample. After the sample surface
dried in the air, this dropping and drying process was repeated (a total
of 2−3 times) to ensure the proper wrapping of graphene.
Subsequently, additional etching can be performed to fabricate 3D
structures, including mushroom-like structures.

Characterization of Fabricated 3D Microstructures. Scanning
electron microscopy (SEM, SUPRA 55VP) was used to observe the
fabricated 3D structures in the Secondary Electron Detector (SE2)
mode at an operating voltage of 2−10 kV. The surface profile of the
etched Si surface was measured by a surface profiler (Bruker,
DektakXT-A).

Fabrication of Omniphobic Surfaces and Measurement of
Contact Angles. After fabricating arrays of 3D structures, the
graphene mask was removed by CF4 plasma with a CF4 flow rate of 20
sccm and a power of 30 W for 3 min. 1H,1H,2H,2H-
Perfluorooctyltrichlorosilane (PFOTS, 97%, Sigma-Aldrich) was
used for surface modification. Samples were immersed in chloroform
with a few drops of PFOTS for 4 h. Contact angles were measured
using a contact angle goniometer (The Rame-́Hart, model 250) at
room temperature.
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