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ABSTRACT: The controllable manipulation of graphene to create three-
dimensional (3D) structures is an intriguing approach for favorably tuning its
properties and creating new types of 3D devices. However, due to extremely low
bending stiffnesses, it is rather challenging to construct monolayer graphene into
stable 3D structures. Here, we demonstrate the stable formation of monolayer
graphene microtubes with accompanying pre-patterned strain layers. The diameter
of graphene microtubes can be effectively tuned by changing the thickness of the
strain layers. Benefiting from a high surface-to-volume ratio of the tubular
geometry, the 3D geometry leads to a prominent Raman enhancement, which was
further applied to molecular sensing. The R6G molecules on graphene microtubes
can be detected even for a concentration as low as 10−11 M. We believe that this
method can be a generalized way to realize the 3D tubular structure of other 2D
materials.

KEYWORDS: monolayer graphene, microtube, Raman enhancement, molecular sensing

■ INTRODUCTION

Graphene as the most promising two-dimensional (2D)
material has exhibited extraordinary properties, such as special
electronic structure, remarkable mechanical properties, and
chemical inertness.1−4 However, to exploit these properties for
technological applications, inherently planar geometries are
often required to be assembled into three-dimensional (3D)
architectures.5−7 Recently, various methods have been
investigated to shape or construct planar mono/multilayer
graphene into a 3D structure on a microscopic scale. Chen et
al. have shown that the graphene nanostructure with fantastic
properties can be fabricated through folding induced by an
STM tip.8 Although this method is precise, it is not suitable for
large-scale fabrication. In most other investigations, rolling-up
nanotechnology was used to create 3D structures of graphene.
However, the atomically thin nature implies that graphene is
too soft to support its weight, making it highly susceptible to
destruction. As a result, in these reports, graphene had been
laminated with other materials for self-support and protection.
For example, Xu et al. showed a variety of 3D structures of
graphene which is bonded to polydopamine and poly(N-
isopropylacrylamide).9 Mao et al. transferred graphene onto
InGaAs/GaAs bilayers and obtained microtubes with the tube
wall consisting of graphene/InGaAs/GaAs trilayers.10 How-
ever, the incorporation inevitably affects the intrinsic proper-
ties of graphene.11,12 Especially in the application of molecular
sensors, the incorporation only allows one side of graphene to
absorb molecules which largely reduces the absorption area.
Moreover, massively charged impurities from a defective film

or the dielectric mismatch between the graphene and other
films can cover up the fluctuation induced by absorbed
molecules leading to low sensitivity.13 In previous studies,
planar graphene has been used as a substrate for graphene-
enhanced Raman scattering (GERS) to detect molecules in
solution through the Raman test, which is quick and can
provide structural information.14 Compared with traditional
noble metal-based substrates for surface-enhanced Raman
scattering (SERS), the graphene substrate achieves stability,
uniformity, and biocompatibility, which is supposed to be
suitable for detecting biomolecules.15 But the low Raman
enhancement seriously limits its application.
In this work, monolayer graphene was successfully rolled

into microtubes by depositing strain layers to provide driving
force and support. Unlike previous reports where graphene
needs to be incorporated with a much thicker layer, monolayer
graphene grown on germanium substrate rolled up into
microtubes under the drive of narrow chromium (Cr) stripes.
Polycrystalline monolayer graphene grown on the Ge(111)
substrate was used for its relatively moderate fracture
toughness.16,17 The diameter of the graphene microtubes can
be tuned from 5.2 to 13.9 μm by changing the thickness of the
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strain layers. Due to the suspension of the graphene as well as
the tubular structure, large Raman enhancement was
achieved.18,19 To highlight the enhanced-Raman scattering of
tubular graphene, the molecular sensors based on the GERS
effect had been fabricated. Trace amounts of rhodamine 6G
(R6G) molecules were detected down to 10−11 M showing
excellent molecular sensing ability. Our work provides a new
method to fabricate monolayer graphene microtubes which are
anticipated to be applied to other 2D materials which may
introduce unexpected applications or phenomena due to the
special structure.

■ RESULTS AND DISCUSSION

Fabrication. The fabrication of the monolayer graphene
microtubes is based on rolling-up nanotechnology.20 First,
polycrystalline monolayer graphene was grown on a 4-in.
Ge(111) wafer through chemical vapor deposition.21 Raman
spectroscopy and atomic force microscopy (AFM) were
applied to examine the quality of the as-grown graphene on
Ge(111) substrate. Figure S1a shows the Raman spectra of
graphene, in which the 2D to G peak ratio is larger than 1.5,
confirming the monolayer feature of graphene, and the weak D
peak comes from the grain boundary of the polycrystalline
graphene.22,23 The surface of the as-grown graphene is flat on
the nanoscale. Note that, a few wrinkles that a generated
during cooling in the CVD process due to thermal mismatch
between graphene and Ge substrate are depicted by the red
arrow in Figure S1b.24 These wrinkles indicate the full
coverage graphene on Ge substrate. Second, pre-strained Cr
ribbons were deposited on the graphene using electron-beam
evaporation as illustrated in Figure 1a. Cr was selected because
its prestrain is controllable and large enough. In addition, Cr

with good corrosion resistance can survive the following
process of etching the Ge substrate. The interval of the Cr
stripes (i.e., the width of the suspended graphene) is supposed
to be small enough to avoid the destruction of graphene.
Considering the requirement of following characterization and
that the rolling path of Cr stripes is not completely straight, we
set the interval of Cr stripes as 15 μm. The width of
rectangular Cr stripes is also supposed to be small for
preventing graphene from tearing and avoiding rolling from the
long side.25 Third, graphene was micropatterned through
photolithography and reactive ion etching (RIE) as depicted in
Figure 1b. The etch region is shown in Figure S2a. After that,
the sample was transferred to a solution of HF(40%)−
H2O2(40%)−H2O (1:1:10) for etching the Ge substrate. The
exposed Ge in the defined etch region was selectively etched.
Once the graphene was released from the Ge substrate, it
would roll up into a microtube driven by strain gradient in Cr
ribbons as shown in Figure 1c. The process of forming the
graphene microtubes in the etch solution was recorded by
optical microscopy as displayed in Figure S2b−f. Finally, a
critical point dryer was applied to avoid the collapse of the
graphene microtube. The Cr microtubes serving as an inner
framework of the microtube, are wrapped by the outer
monolayer graphene. Between the Cr microtubes, monolayer
graphene is suspended in the shape of a 3D microtube. To
visualize the fabricated microtubes as well as the suspended
graphene which is almost transparent in optical microscopy
(Figure S3a), scanning electron microscopy (SEM) measure-
ments were carried out. Figure 1d shows the top view of the
fabricated 3D microtube, in which the Cr stripes are labeled by
a golden color. Since graphene was suspended, the monolayer
graphene microtube looks semitransparent which is consistent
with previous reports.26,27 The stereoscopic construction is
more obvious in the side view with a tilt angle as shown in
Figure S3b. In the side view, it can be clearly seen that the
microtube rolled more than one circle, although the successive
winds are not compact. Compared with other methods for
rolling up graphene layers reported before, this was the first
time that the tubular origami of monolayer graphene on the
micrometer scale was realized.9,28,29

The diameter of the rolled-up microtubes is mainly
determined by the thickness and strain gradient of the
multilayer film.30,31 Due to the atomic thickness and extremely
small out-of-plane stiffness of graphene, in the multilayer film,
the prestrained Cr layers of several nanometers play a
dominant role in controlling the diameter.32 The strain
gradient formed by the double Cr layers depends on the
deposition conditions. The relaxed Cr layer was deposited at a
low deposition rate, while the tensile strained Cr was deposited
at a high deposition rate. Here, to tune the diameter of the
rolled-up microtubes, we vary the thickness of Cr layers, but
keep the deposition rate of the tensile strained Cr layer and the
relaxed Cr layer unchanged. SEM images in Figure 2a show
graphene microtubes with different diameters, ranging from 5.2
to 13.9 μm. For the flexibility of graphene, the suspended
graphene crumpled, making it hard to define the diameter. In
consequence, we take the average diameter of the inner Cr
microtubes as the diameter of the graphene microtube. The
tunability of the diameter is investigated in Figure 2b. The
experimental data (red dots) show that the diameter increases
with increasing total thickness which is equivalent to the sum
of the thickness of the tensile Cr layer and the relaxed Cr layer.
Based on the elastic mechanism and the plane strain

Figure 1. Fabrication and SEM images of rolled-up graphene
microtubes. (a) Periodic strained Cr strips were deposited on
graphene through electron-beam evaporation and lithography. (b)
Defines the graphene pattern by lithography and RIE. (c) Ge
underlayer was chemically etched by wet etching in diluted HF-H2O2
solution to trigger the self-rolling process. (d) Top view of a resulting
graphene microtube on the Ge substrate. The scale bar is 20 μm.
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assumption, and because the thickness of each Cr layer is
equal, the diameter of the graphene microtubes is proportional
to the total thickness (detailed analysis can be found in the
Supplementary Section V).33 Therefore, a linear fitting was
applied as the black line in Figure 2b. It is noted that compared
with the experimental data of small diameter, the experimental
data of large diameter deviate more from the fitted line. We
attribute it to the gradual temperature increase of the substrate
as the deposition continues, which can influence the strain of
the deposited layer.34 For a large diameter that means thicker
Cr layers need to be deposited, the temperature of the
substrate will increase significantly, which results in deviation
at a large diameter.
Characterization. An array of as-fabricated graphene

microtubes with a controlled rolling direction are displayed
in Figure 3a demonstrating the potential for mass production.
Figure 3b depicts an enlarged SEM image of the microtube
labeled by the red dotted line in Figure 3a. Raman mapping
along the axis of the microtube was measured using a 514 nm

laser with a spot size of 2 μm. Figure 3c shows the Raman
result of the microtube, in which the D, G, and 2D peaks can
be recognized through color distribution. Due to the low yield
of Raman scattering and the atomic thickness of graphene, the
Raman signals of graphene are supposed to be weak without
employing techniques for Raman enhancement.18,35 However,
with an air microcavity between suspended graphene and the
substrate, its Raman intensity can be greatly enhanced by
interference-enhanced Raman scattering (IERS).36,37 There-
fore, the Raman intensity of suspended graphene (red region in
Figure 3b) is significantly larger than that of graphene on the
Cr strip. Figure 3d shows a comparison between the Raman
spectrum acquired from suspended graphene (red line) and
graphene on Cr (black line). It is noted that the Raman signals
of suspended graphene are more than 50 times larger than
graphene on Cr and the D peak remains negligible implying
high quality of graphene after the fabrication process. At the
same time, the background of the Raman spectra for
suspended graphene is considerably low, which facilitates the
identification of characteristic peaks. A similar result can also
be obtained when the Raman spectra of the suspended
graphene and as-grown graphene on Ge were compared as
illustrated in Figure S4. Thus, through an on-chip graphene
microtube fabrication, dramatic Raman enhancement was
achieved at the suspended graphene part.

Molecular Sensing. To investigate the performance of the
graphene microtubes in molecular sensing, the graphene-
enhanced Raman scattering (GERS) signals of graphene
microtubes with different diameters were investigated using
R6G probe molecules.38,39 The R6G molecules were deposited
on the graphene microtubes by soaking in the solution. As
illustrated in Figure 4a, the deposited R6G molecules
represented by purple spheres are scattered on the sample,
and the Raman measurement was carried out under an
excitation laser wavelength of 514 nm. Compared with
graphene on substrate, double sides of suspended graphene
of the microtubes could absorb the R6G molecules when it was
soaked in the solution. To avoid the interference from the
nonuniform distribution of R6G molecules, the Raman
spectrum of GERS in the following was the averaged result
of 10 different points. As shown in Figure 4b, the R6G
molecules that are absorbed on both sides of graphene emit
Raman signals under an excitation laser. This means that the
enhanced surface area is doubled compared with graphene on
the substrate. Moreover, for the microtube structure, the
enhanced surface area can be further increased when the
number of turns increased. Thus, stronger Raman signals of

Figure 2. Diameter control of graphene microtubes. (a) SEM images
of graphene microtubes with various diameters. The scale bars are 10
μm. (b) The relationship between the total thickness and the
diameter. The inset shows the multilayer structure and the strain state
of the Cr layer.

Figure 3. Characterization of rolling-up graphene microtubes. SEM images of the rolled-up graphene microtubes: (a) Array of microtubes, (b) an
enlarged view of a microtube labeled by red dotted lines in (a), the suspended graphene region is highlighted in red color. (c) Raman mapping
along the axis of the microtube in (b). (d) Raman spectrum for suspended graphene (red line) and graphene on Cr stripe (black line). The scale
bars are equivalent to 50 μm in (a) and 10 μm in (b).
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R6G molecules are supposed to be observed in the measured
Raman spectrum, which exhibits better GERS performance.
Graphene microtubes with different diameters were fabricated
and soaked into the R6G solution at the same concentration.
Raman signals at 610, 772, 1181, 1506, and 1647 cm−1 from
R6G on graphene microtubes appeared as expected which are
marked by the black arrows in Figure 4c. Because the substrate
of R6G molecules is suspended graphene without any metal
decoration, the Raman enhancement only comes from the
chemical mechanism (CM).40 A planar graphene on Ge that
underwent the same process, was also measured under the
same test conditions. In contrast with the graphene micro-
tubes, there are no visible Raman peaks of R6G molecules. It is
noted that the laser power we used here (1.5 mW) is lower
than that used for the characterization of as-grown graphene
(30 mW), as a consequence, the Raman peaks of planar
graphene are also invisible. The Raman signal at around 580
cm−1 comes from the Ge substrate, but it disappears in the
Raman spectrum of microtubes. This is because the focal plane
of the laser was not near the Ge substrate when we test the
Raman spectrum of the microtubes. In addition, as shown in
Figure 4c, the intensity of Raman signals gradually increases as
the diameter of graphene microtubes decreases. For
clarification, Figure S5 shows the corresponding plot of the
intensity of Raman peaks from R6G versus the diameter of
microtubes which was extracted from Figure 4b. Obviously, the
intensity of Raman signals can be enhanced by reducing the
diameter of graphene microtubes. It is mainly attributed to the
multilayer contribution. The number of turns increased as the
diameter of graphene microtubes decrease. As a result, more
layers of graphene with absorbed R6G molecules took part in
the emission of Raman signals. Further investigations about the
mechanism should be carried out in the future. To find out the
detection limit for R6G molecules, graphene microtubes with a
diameter of around 9.5 μm were chosen as GERS substrates.
Then R6G solutions with five concentrations from 10−8 to
10−12 M were prepared. Figure 4d shows the enhanced Raman
spectra of each R6G concentration for the graphene micro-
tubes with similar diameters. It is obvious that the intensity of
Raman signals of R6G molecules marked by black arrows
decreases with decreasing concentration of the R6G solution.
The Raman signals can even be recognized under concen-
trations as low as 10−11 M. The supercritical drying was carried
out after transferring the samples into the R6G solution. The

intermedia used in the critical point dryer is liquid CO2
(99.999% purity), which is immiscible in the R6G solution,
so it will not dilute the R6G solution after supercritical drying.
In addition, as shown in Figure S6, when we used graphene on
SiO2 as a GERS substrate and a critical point dryer was also
applied after soaking in the R6G solution, there are no Raman
signals of R6G under a concentration of 10−10, which is
consistent with the previously reported result.37 This means
that the supercritical drying process will not condense the
solution. Therefore, the interference caused by the supercritical
drying process is eliminated. Table 1 summarizes the reported

results of diverse GERS substrates applied in molecular
sensing.41−45 To the best of our knowledge, this is the first
time that such low concentration (10−11 M for R6G) is
detected using graphene or graphene derivatives as a substrate
through the GERS effect. In addition, compared with other
GERS substrates, the whole fabrication process of the graphene
microtubes is CMOS compatible, which facilitates the practical
application of GERS.

■ CONCLUSIONS
In summary, we have transformed planar monolayer graphene
into 3D tubular structures with different diameters through a

Figure 4. Performance of the GERS substrate based on graphene microtubes. (a, b) Schematic illustration of the Raman experiment for probing
R6G molecules. (c) Raman spectra of R6G (8 × 10−9 M) on graphene microtubes with different diameters. (d) Raman spectra of R6G on graphene
microtubes with similar diameters (∼9.5 μm) as the R6G concentrations were reduced from 10−8 to 10−12 M. The peaks marked by the arrows are
from R6G.

Table 1. Summary and Comparison of Molecular Sensing
Performance of Various GERS Substrates

fabrication type of graphene
detection
level (M)

laser
(nm) reference

graphene on SiO2/Si exfoliated
graphene

8 × 10−10 514 41

graphene on SiO2/Si CVD N-doped
graphene

1 × 10−8 514 42

γ-Fe2O3/N-rGO
composites

Hummers’
method
synthesized
rGO

5 × 10−7 532 43

graphene QDs on
SiO2/Si

PECVD GQDs 1 × 10−9 532 44

feeding wrinkled
graphene

CVD graphene 1 × 10−9 533 45

rippled graphene on
Au@Ag core
nanopillars

CVD graphene 1 × 10−10 633 46

monolayer graphene
microtube

CVD graphene 1 × 10−11 514 this
work
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CMOS compatible rolling-up process. The diameter of
graphene microtubes can be tuned by controlling the thickness
of the strain layer, which is confirmed through experiments and
theories. Benefiting from the suspension of the graphene and
the 3D tubular structure, remarkable Raman enhancement was
observed compared with planar graphene on the substrate.
These graphene microtubes were then further used as a
molecular sensor to probe R6G molecules through the GERS
effect. The ultrasensitive sensing properties of the graphene
microtubes showed that the R6G Raman signals can be
detected at a concentration as low as 10−11 M. This efficient
and versatile method to fabricate 3D tubular structure of
graphene can be generalized to other 2D materials in the
future.

■ EXPERIMENTAL SECTION
Device Fabrication. Large-area monolayer graphene was

synthesized on Ge (111) wafer (415 μm thickness, AXT) using
CH4 as precursors in our AP-CVD system. The graphene sample was
then spin-coated with a layer of photoresist (AZ5214) at 600 rpm for
6 s and 4000 rpm for 30 s. After that, the samples were baked on a hot
plate at 90 °C for 90 s and a laser direct writer was utilized to define
the pattern. The strain layers were then deposited on the graphene by
e-beam evaporation (TSV70, Tenstar) under the following con-
ditions: 25 °C temperature and 10−6 mbar vacuum pressure. The first
Cr layer was deposited at a deposition rate of 0.2 Å s−1 and the second
Cr layer was deposited at a deposition rate of 1 Å s−1 with same
thickness of the first Cr layer. The interval of the Cr stripes is 15 μm
and the widths of Cr strips are 15, 20, 25, and 30 μm. After the lift-off
process in acetone solution, the second photolithography was
performed to define the pattern of graphene. The exposed graphene
was etched via RIE (Sirus T2) under the following condition: the O2
gas flow of 35 sccm, reaction pressure of 165 mTorr, and the radio
frequency power of 30 W. The photoresist was then dissolved in
acetone solution. The etching window was defined by the photoresist
through the third photolithography. Afterward, the sample was
immersed in a solution of HF(40%)−H2O2(40%)−H2O (1:1:10) to
selectively etch the underlayer of Ge. Finally, the sample was
transferred into a critical point dryer (CPD 030, Leica) to be dried, in
which liquid CO2 (99.999% purity) as an intermedia would gradually
replace the initial acetone solution and then gasify at 40 °C.
Raman Measurement. The Raman spectrum was acquired using

a micro-Raman spectroscope (HR800, Horiba) under ambient
conditions. An excitation laser with a wavelength of 514 nm was
focused onto the sample by a 100× objective lens and the laser spot
size was about 1 μm. The laser power was adjusted to 1.5 mW when
testing the graphene microtubes and 30 mW when testing the as-
grown graphene on Ge.
Scanning Electron Microscopy. The morphologies of rolled-up

graphene microtubes were characterized using a scanning electron
microscope (HITACHI-S4700) with a 15 kV working voltage.
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