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ABSTRACT: Graphene and single-walled carbon nanotubes
(SWNTs) have shown superior potential in electronics and
optoelectronics because of their excellent thermal, mechanical,
electronic, and optical properties. Here, a simple method is
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developed to synthesize ultrathin SWNT—graphene films through chemical vapor deposition. These novel two-dimensional
hybrids show enhanced mechanical strength that allows them to float on water without polymer supporting layers.
Characterizations by Raman spectroscopy and transmission electron microscopy indicate that SWNT's can interlace as a concrete
backbone for the subsequent growth of monolayer graphene. Optical and electrical transport measurements further show that
SWNT—graphene hybrids inherit high optical transparency and superior electrical conductivity from monolayer graphene. We
also explore the local optoelectronic properties of SWNT—graphene hybrids through spatially resolved photocurrent microscopy
and find that the interactions between SWNTs and graphene can induce a strong photocurrent response in the areas where
SWNTs link different graphene domains together. These fundamental studies may open a door for engineering optoelectronic
properties of SWNT—graphene hybrids by controlling the morphologies of the SWNT frames.
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1. INTRODUCTION

Graphene and carbon nanotubes (CNTs) have gained great
interest because of their unique properties such as high charge-
carrier mobility, remarkable thermal conductivity, and large
surface-area-to-volume ratio.' "' Various methods have been
developed to integrate CNTs with graphene to form new
hybrid materials. For example, the combination of graphene
oxide and CNTs has been demonstrated to be high-
performance, flexible, and transparent materials such as
conductors, electrodes, and supercapacitors.'”””"* Metal cata-
lysts such as copper or iron nanoparticles have been deposited
onto graphene for the out-of-plane growth of CNTs through
chemical vapor deposition (CVD).''® Multi-walled CNT
(MWNT)—graphene hybrids have exhibited an improved
conductivity/transparency characteristic, in comparison with
pure graphene and MWNTs, because of their very high aspect
ratio and “glue” connections.”” Moreover, veinlike MWNT
network layers have been stacked to graphene to improve its
mechanical strength.'® However, the thickness of such hybrids
ranges from 200 nm to a few microns, leading to a lower
transparency (~53% at 600 nm) than that of monolayer
graphene (97.7% at 600 nm)."” Recent studies also show that
single-walled CNT (SWNT) networks on copper substrates
can partially unzip into graphene nanoribbons through
hydrogen annealing.”® Although the applications of partially
unzipped SWNT networks (rebar graphene) may be limited by
their porous structures, rebar graphene can float on water and
be transferred onto arbitrary substrates without a supporting
layer, making it an ideal candidate for framing monolayer
graphene to enhance its mechanical properties. Therefore, it is
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desirable to integrate SWNT networks with monolayer
graphene to produce ultrathin SWNT—graphene films, which
can inherit the unique optical and electrical properties from
both graphene and SWNTs with improved mechanical
strength.

Here, we introduce a simple method to synthesize ultrathin
SWNT—graphene hybrid films. We first spin-coat a thin layer of
SWNTs on a copper foil to form a supporting network frame
and then introduce methane as a carbon feeding gas for
monolayer graphene growth. Without utilizing the mechanical
support from poly(methyl methacrylate) (PMMA), large-area
SWNT—graphene hybrids can float on water and be transferred
onto arbitrary substrates. Results from Raman spectroscopy and
transmission electron microscopy (TEM) indicate that SWNT
networks can connect different graphene grains together to
form two-dimensional SWNT—graphene hybrids with a
transparency as high as that of monolayer graphene. Electrical
transport measurements show that SWNT—graphene hybrids
maintain electrical properties similar to those of CVD-grown
monolayer graphene, while exhibits a higher turn-on electrical
conductance than SWNT networks alone. Scanning photo-
current measurements have also been utilized to investigate the
local electrical conductivity of the hybrid materials. By
comparing scanning photocurrent and scanning electron
microscopy (SEM) images, we find that the interactions
between SWNTs and graphene can induce photocurrent signals
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Figure 1. (a;) Atomic force microscopy image of a SWNT network on a SiO,/Si substrate. (a,) Height profile of SWNTs along the black line in part
a,. (b) Schematic diagram of the synthesis process of SWNT—graphene hybrids. (c) Photograph of polymer-free SWNT—graphene hybrids floating
on water. The red dashed square marks the location of the SWNT—graphene hybrids. (d) Light transmission ratio of SWNT—graphene hybrids to

graphene in the visible regime.

in the junction regions of different graphene grains, where
SWNTs act as glues to link them together. This may offer a
new way to manipulate the photocurrent response of SWNT—
graphene hybrids by controlling the morphologies of the
SWNT frames.

2. EXPERIMENTAL SECTION
2.1. SWNT—Graphene Hybrid Synthesis. As-produced high-

pressure carbon monoxide (HiPco) SWNTs were functionalized via
reductive alkylation using lithium and alkyl halides in liquid
ammonia.>’ The functionalized SWNTs were resuspended in
chloroform and spin-coated on targeted substrates (Figure la;) to
form a thin layer of randomly distributed SWNT networks, whose
morphology was characterized by a JEOL JSPM-5200 scanning probe
microscope. The height of the functionalized SWNTs is ~2 nm
(Figure 1a,), which is higher than the typical diameter (~1 nm) of as-
produced HiPco SWNTs>* because of the sidewall functional
groups.”!

In order to form SWNT—graphene hybrids, we adopted a standard
CVD method that was developed to synthesize graphene.”* >* Copper
foils (Alfa Aesar, 0.025 mm, 99.8%) with a grain size of ~100 ym were
cut into squares of 1.5 cm length. The copper foils were pretreated in a
5% nitric acid bath for 1—2 min and then in a deionized water bath for
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3 min twice to remove the oxide layer and surface contamination
(Figure 1b,).2° After that, S0 uL of a functionalized SWNT—
chloroform solution was spin-coated on top of a copper foil square at
4000 rpm for 4S s (Figure 1b,). For comparison, a copper foil square
with SWNTSs and one without SWNT's were loaded onto a quartz boat
simultaneously, which was then transferred to a horizontal furnace
system by a magnetic bar.”’ After the system was pumped down to 10
mTorr, the temperature was raised to 1000 °C, and the samples were
annealed in 50 sccm H, for 1 h to remove the surface functional
groups of SWNTs. 10 scem CH, was then added to conduct graphene
synthesis for 30 min (Figure 1b;). The boat was quickly pulled out of
the furnace by a magnetic bar and placed on the downstream of the
quartz tube at room temperature when graphene growth was
completed.

2.2, Optical Characterization. The optical transmittance of
graphene and SWNT—graphene hybrid samples was obtained by a
Varian Cary 5000 UV-—vis—near-IR spectrophotometer over a
wavelength from 400 to 800 nm. Raman spectra were collected at
room temperature through a Thermo Scientific DXR Raman
spectrometer from 100 to 3000 cm™'. A 532 nm laser beam was
focused into a diffraction-limit laser spot (<1 ym) by a 100X Olympus
objective for Raman spectroscopy. A total of 10 spots were randomly
selected in each sample.
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Figure 2. (a) Raman spectra of SWNT networks before (blue) and after (green) hydrogen annealing, SWNT—graphene hybrids (red), and
monolayer graphene (black). Inset: Detailed spectrum of RBM for SWNT networks before annealing. (b) TEM image of SWNT—graphene hybrids
showing that graphene is framed by SWNT networks, where SWNTs are marked by red arrows.

2.3. TEM and SEM Imaging. As-grown SWNT—graphene hybrids
were directly transferred onto TEM grids coated with lacey carbon
films, which were fixed on a clean glass coverslip by a small-volume
drop of ethanol. The samples were then annealed in 100 sccm Ar and
10 sccm H, (under 10 m Torr chamber pressure) at 350 °C for 30 min
to remove the amorphous carbon on the surface. Bright-field TEM
imaging was performed on an FEI Tecnai Osiris transmission electron
microscope operated at 200 kV. No obvious damage or structural
transformation was observed on the hybrids under this voltage
condition. The SEM images of SWNT—graphene hybrids were taken
by a Raith eLINE system at S kV with a working distance of 10 mm.

2.4. Electrical Transport Measurements. SWNT networks,
SWNT —graphene hybrids, and graphene were transferred onto
prepatterned substrates, where source and drain electrodes were
deposited with 5 nm of chromium and 40 nm of gold by an e-beam
evaporator. For gate-dependent measurements, a gold wire was
inserted into an 8-mm-diameter cylinder that was attached to the
substrate and filled with a 1X phosphate-buffered saline (PBS)
solution (~150 mM) to act as an electrolyte gate.

2.5. Scanning Photocurrent Microscopy. We performed
spatially resolved scanning photocurrent measurements in an Olympus
microscope setup. A continuous-wave laser source (4 = 785 nm) was
expanded and altered by a nanometer-resolution scan mirror. The laser
beam was then focused by a 40X objective (N.A. = 0.6) into a
diffraction-limited spot (~1 ym) on the samples. The photocurrent
signals were obtained using a preamplifier with the highest sensitivity
within the measurement range. The reflection image was simulta-
neously recorded by a silicon detector. By overlapping the reflection
image with the photocurrent image, the position of the sample was
located.

3. RESULTS AND DISCUSSION

3.1. Mechanical Strength and Optical Transmittance
Comparison. During the subsequent transfer process, the as-
produced SWNT —graphene hybrid can withstand the surface
tension and float on the surface of the copper etchant (FeCl)
solution by itself (Figure 1c), while graphene synthesized
during the same process needs the assistance of a PMMA layer.
After the wet etching process with a FeCl; solution, we
transferred the samples to a hydrochloric acid bath and then a
deionized water bath several times to remove copper and
chemical residues produced during the transfer (Figure 1b,).
The final films were transferred to glass coverslips for optical
transmittance measurements. The light transmission of
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SWNT—graphene hybrids is as high as that of monolayer
graphene, with less than 1% difference, as shown in Figure 1d.

3.2. Raman Spectroscopy and TEM Characterization.
Raman spectroscopy was performed to characterize original
SWNT networks, SWNT networks after hydrogen annealing,
SWNT —graphene hybrids, and graphene on SiO,/Si substrates
(Figure 2a). For SWNT networks before hydrogen annealing,
four typical strong bands were observed (Figures 2a, blue, and
S1 in the Supporting Information): a diameter-dependent radial
breathing mode (RBM) ranging from 225 to 275 cm™, a
disorder mode (D) at ~1330 cm™', a tangential mode (G) at
~1590 cm™, and a 2D mode at ~2680 cm™'. According to the
wrpy (cm™) = 234/d, (nm) + 10 relaltionship,zg’29 we obtain
the diameter of randomly distributed SWNTSs as ~0.9—1.1 nm,
a typical diameter distribution of as-produced HiPco SWNTs.**
A strong disorder band at ~1330 cm ™" shows up because of the
covalent surface functionalization.>'

In order to characterize SWNT networks after hydrogen
annealing, SWNTs were first spin-coated on a copper foil,
annealed in 50 sccm H, at 1000 °C for 1 h, and then followed
the procedure described in the previous section to be
transferred onto a Si/SiO, substrate (Figure 2b, green). After
hydrogen annealing, the intensity of the D peak is significantly
reduced because the functional groups are removed from
SWNTs. A high tangential mode at 1590 cm™" indicates that
the graphitic structures survive during annealing. In addition,
the RBM peak disappears in most locations and is only
observed at 20 out of 100 randomly selected spots (Figure S2
in the Supporting Information), indicating that some SWNTs
are partially unzipped through pure hydrogen annealing.*’
These are different from Raman spectra of rebar graphene
reported in a previous study,”® where the RBM peak is
observed in the SWNT samples after annealing. One possible
reason is that the hydrogen partial pressure is lower and the
annealing time is shorter in the previous study than the
annealing parameters used in our experiments. This indicates
that our annealing conditions are more favorable to unzip
SWNTs.

The Raman spectrum of graphene grown on a clean copper
foil square shows that the intensity of the 2D mode (~2680
cm™") is ~1.S times as high as that of the G mode (Figure 2a,
black), indicating that the as-produced graphene is mono-
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layer.®> However, the intensity of the 2D mode of SWNT—
graphene hybrids synthesized simultaneously is less than or
equal to the G-mode intensity, a typical spectrum of few-layer
graphene.” In addition, the relatively high D peak for SWNT—
graphene hybrids (Figure 2a, red) might be related to the
interactions between graphene and SWNTSs. Moreover, these
interactions may further quench the RBM in the hybrid. These
are consistent with scanning photocurrent measurements in the
following section.

The structures of SWNT—graphene hybrids were inves-
tigated by TEM. As shown in Figure 2b, randomly distributed
SWNT networks interlace with each other and form a solid
backbone to support the graphene layer and to enhance the
connection between different graphene grains. This 2D hybrid
film exhibits better mechanical strength than monolayer
graphene because it can float on water and can be transferred
onto any substrate without polymer supporting layers.
Interestingly, there are a few black nanoparticles on the
SWNT—graphene hybrid films, which may result from copper
residues during the transfer process or iron catalysts in as-
grown HiPco SWNTs. More experiments need to be
performed to further clean SWNT—graphene hybrid films in
the future.

3.3. Electrical Transport Measurements. Electrical
transport measurements were also performed to characterize
the electrical performance of SWNT networks, SWNT-—
graphene hybrids, and graphene, respectively. SWNTs were
spin-coated at 4000 rpm for 45 s onto a glass substrate and then
annealed with 100 sccm Ar and 10 sccm H, at 350 °C for 30
min to remove surface functional groups, while the other two
samples were transferred onto prepatterned glass substrates
after a wet etching process as described in the previous section.
A gold wire was used as an electrolyte gate to modulate the
electrochemical potential. When the gate voltage swept from 0
to 1.2V, the conductance of different samples was recorded at a
source-drain bias of 50 mV.

As shown in Figure 3, randomly distributed SWNT networks
exhibit a predominately p-type behavior at a gate voltage of 0V,
a typical electrical transport behavior of SWNTs.>’ On the
other hand, the SWNT—graphene hybrid device shows higher
conductance than pure SWNT networks when turned on,
suggesting that the conductance of SWNT networks has been
improved by the introduction of graphene. When the
conductance of the SWNT—graphene hybrids (Figure 3b) is
compared with that of monolayer graphene synthesized
simultaneously (Figure 3c), it is obvious that the SWNT—
graphene hybrids inherit the electrical transport properties from
monolayer graphene because they show similar Dirac points
(Vbirac ~ 0.8 V) and gate-dependent behavior.

3.4. Scanning Photocurrent Microscopy. While the
electrical transport properties of SWNT—graphene hybrids and
graphene are similar to those of a whole film, it is also
interesting to explore the local conductance distribution in
SWNT—graphene hybridized structures through scanning
photocurrent microscopy. In our experiments, a 785 nm
diffraction-limited laser spot (~1 pm) was scanned over a
SWNT—graphene hybrid transistor by a piezo-controlled
mirror with nanometer-scale spatial resolution. A photocurrent
signal occurs wherever the SWNT —graphene hybrid electronic
band structure bends: the built-in electric field separates the
photoexcited electron and hole pairs and thus produces a
current.””>® This current is measured as a function of the
position, as shown in Figure 4a. Interestingly, strong photo-
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Figure 3. Gate-dependent measurements in (a) SWNT networks, (b)
SWNT—graphene hybrids, and (c) monolayer graphene.

current responses were observed in some areas between two
electrodes of the SWNT—graphene hybrid device, while
photocurrent signals were only detected at graphene—electrode
junctions in a standard graphene transistor due to the Schottky-
like barrier between graphene and metal electrodes.**>®
Corresponding SEM images suggest that the photocurrent
response is located at the junctions between different graphene
grains, which are glued by SWNT networks (Figure 4b—d).
Previous studies indicate that the interaction between stacked
graphene can introduce a strong photocurrent response at the
junction between stacked and monolayer graphene.24’25’36’37
The strong photocurrent response in SWNT—graphene
hybrids may also stem from the interaction between SWNTSs
and graphene, consistent with the relatively high D peak in the
Raman spectra (Figure 2a). Although the overall electrical
properties of SWNT—graphene hybrids will not be altered by
introducing SWNT networks, the interaction between SWNT's
and graphene can influence the optoelectronic properties of the
hybrids. Therefore, controlling the morphologies of SWNT
frames, such as aligned SWNT networks, may provide a new
way to modulate the photocurrent response of SWNT—
graphene hybrids.

4. CONCLUSIONS

We develop a simple method to synthesize ultrathin SWNT—
graphene hybrids, in which a thin layer of randomly distributed
SWNT networks acts as a glue to connect different graphene
grains together to improve their mechanical strength without
degrading their high optical transmittance. Gate-dependent
studies indicate that SWNT—graphene hybrids inherit the
remarkable electrical properties from graphene and have higher
turn-on conductance than the SWNT networks. Scanning
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Figure 4. (a) Overlay of the photocurrent and reflection images of a SWNT—graphene hybrid transistor, (b) the corresponding SEM image, and (c
and d) zoom-in SEM images of regions marked by green dashed rectangles in part b.

photocurrent measurements show that there are strong
photocurrent signals at the junctions between different
graphene grains, which may result from the interactions
between graphene and SWNTs. The introduction of SWNT
frames into graphene to enhance the linkage between different
graphene grains and to engineer its photocurrent response may
open a door for producing promising graphene hybrid
structures for future applications in electronics and optoelec-
tronics.
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