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CONSPECTUS

B ecause of its atomic thickness, excellent properties, and widespread applications,

graphene is regarded as one of the most promising candidate materials for
nanoelectronics. The wider use of graphene will require processes that produce this
material in a controllable manner. In this Account, we focus on our recent studies of the
controllable chemical vapor deposition (CVD) growth of graphene, especially few-layer
graphene (FLG), and the applications of this material in electronic devices.

CVD provides various means of control over the morphologies of the produced graph
ene. We studied several variables that can affect the CVD growth of graphene, induding
the catalyst, gas flow rate, growth time, and growth temperature and successfully achieved
the controlled growth of hexagonal graphene crystals. Moreover, we developed several
modified CVD methods for the controlled growth of FLGs. Patterned CVD produced FLGs
with desired shapes in required areas. By introducing dopant precursor in the CVD process, we produced substitutionally doped FLGs,
avoiding the typically complicated post-treatment processes for graphene doping. We developed a template CVD method to produce
FLG ribbons with controllable morphologies on a large scale. An oxidation-activated surface facilitated the CVD growth of
polycrystalline graphene without the use of a metal catalyst or a complicated postgrowth transfer process.

In devices, CVD offers a controllable means to modulate the electronic properties of the graphene samples and to improve
device performance. Using CVD-grown hexagonal graphene crystals as the channel materials in field-effect transistors (FETS), we
improved carrier mobility. Substitutional doping of graphene in CVD opened a band gap for efficient FET operation and modulated
the Fermi energy level for n-type or p-type features. The similarity between the chemical structure of graphene and organic
semiconductors suggests potential applications of graphene in organic devices. We used patterned CVD FLGs as the bottom
electrodes in pentacene FETs. The strong 7— interactions between graphene and pentacene produced an excellent interface
with low contact resistance and a reduced injection barrier, which dramatically enhances the device performance. We also
fabricated reversible nanoelectromechanical (NEM) switches and a logic gate using the FLG ribbons produced using our template
CVD method.

In summary, CVD provides a controllable means to produce graphene samples with both large area and high quality. We
developed several modified CVD methods to produce FLG samples with controlled shape, location, edge, layer, dopant, and growth
substrate. As a result, we can modulate the properties of FLGs, which provides materials that could be used in FETs, OFETs, and
NEM devices. Despite remarkable advances in this field, further exploration is required to produce consistent, homogeneous
graphene samples with single layer, single crystal, and large area for graphene-based electronics.

1. Introduction

Graphene, the first example of free-standing two-dimen-
sional (2D) crystals, has attracted an enormous amount of
interest from both theoretical and experimental scientists,
although intensive research on graphene only began in
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2004,% because this material combines excellent mechan-
ical and electronic properties with atomic thickness.>*
Electrons in graphene obey a linear dispersion relationship
and behave as Dirac fermions with zero effective mass,
which gives rise to extraordinary electronic properties like
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FIGURE 1. (a) Molecular structure of graphene, which can be obtained by deductively extending a benzene ring (red) in 2D. (b) Schematics of the CVD

system for graphene growth. () The binary phase diagram of nickel and carbon, with an indication of the compositional zones responsible for (i) dissolution,
(i) nucleation, and (iii) growth. (d) SEM image of FLGs produced by Fe-catalyzed CVD with wrinkles marked by arrows. The inset shows the TEM image and
electron diffraction pattern of the FLGs. Reproduced with permission from ref 16. Copyright 2011 Tsinghua University Press and Springer-Verlag GmbH.

the absence of charge localization, half-integer quantum
Hall effect, ultrahigh mobility, and charge concentration.” Its
room-temperature mobility is predicted to be as high as
200000 cm? V~' s~ ° orders of magnitude higher than that
of modermn Si transistors, while its room-temperature ballistic
transport distance is up to micrometer scale in the presence of
substrate-induced disorder;” therefore, graphene is usually
considered as one promising candidate for future nanoelec-
tronics and holds great promise for widespread applications
like field-effect transistors (FETs), sensors, supercapacitors,
nanocomposites, solar cells, electrode materials, etc.'>>%8
Graphene has a distinct structure from three-dimensional
(3D) diamond and is the basic building block for graphitic
materials of all other dimensionalities."” It consists of sp-
bonded carbon atoms, which are tightly packed into an
atomically thick layer of honeycomb lattice; thus it can be
considered as a type of material obtained by deductively
extending a benzene ring in two dimensions (Figure 1a).
Different arrangement of benzene rings in the 2D space
results in graphene sheets with various morphologies, while
different covalent bonding with other atoms results in
different modifications of the graphene sheets, causing the
existence of graphene materials with various properties.’
Therefore, as the first step for practical applications, gra-
phene must be synthesized in a controllable manner. Till

now, methods like mechanical exfoliation, chemical exfolia-
tion of graphite oxide, arc-discharge, epitaxial growth such
as chemical vapor deposition (CVD), and thermal decom-
position of SiC were developed to produce graphene.>#91°
However, the present synthetic methods usually suffer from
limited controllability over the size, shape, edge, location,
doping or layer structure of graphene due to the random
exfoliation, growth, or assembly process. Comparatively, CVD
offers a relatively controllable means to produce graphene
samples with large area and high quality,*'° both of which are
also of great importance for practical applications; thus our
interest has been focused here recently, specially on the
controllable CVD growth of few-layer graphene (FLG), which
has special applications and is of scientific as well as techno-
logical importance similar to single-layer graphene.'""'# Our
research attempts to find the routes to control the CVD growth
of graphene and then to produce FLG samples with required
properties for various device applications. In this Account, we
review our recent efforts toward this goal and discuss several
modified CVD techniques in detail.

2. Controllable Chemical Vapor Deposition of
Few-Layer Graphene

2.1. Chemical Vapor Deposition. CVD is a process in
which gaseous precursors are reactively transformed into a

Vol. 46, No. T = 2013 = 106-115 = ACCOUNTS OF CHEMICAL RESEARCH = 107



Controllable CVD Growth of Graphene Wei et al.

thin film, coating, or other solid-state material on the surface
of a catalyst or substrate. It is widely used in the semicon-
ductor industry and also in controllable growth of nanoma-
terials like nanowires, carbon nanotubes, etc.'®'3 The CVD
growth of graphitic materials on transition metal surfaces
such as Co, Pt, I, Ru, and Ni has been well-known since the
1990s or earlier.*'%'415 Till now, CVD has become one of
the most important commercial methods for graphene
production, because it can be easily scaled to industrial
production levels.'® Figure 1b depicts a schematic experi-
mental setup for CVD of graphene. The growth process
involves heating the catalyst to high temperatures in a tube
furnace and flowing gaseous or volatile compounds of
carbon as the precursor through the tube reactor. At high
temperature, the hydrocarbon molecules catalytically de-
compose and then dissolve in catalyst. According to the
phase diagram (i.e., C—Ni, Figure 1¢), the nucleation and then
the growth of graphitic carbon layers from the saturated
catalyst surface take place by means of precipitation, as a
result of continuously feeding precursor molecules. Finally,
the enlargement of graphene grains connects them into a
continuous membrane over the catalyst. Figure 1d shows a
FLG film produced by an ambient-pressure CVD process
using 100 um Fe foils as the catalyst.'® After pyrolysis of
CH,4 at 920 °C, the whole foil was covered by a continuous
FLG film with wrinkles. The unobvious D-band of the Raman
spectra and symmetric hexagonal spots in electron diffrac-
tion patterns revealed a good quality and an AB stacking of
the graphene layers. The sizes of FLG are determined by the
Fe foil; thus it has the potential for further increasing by using
larger Fe foils.

2.2. Controllability of Chemical Vapor Deposition. It is
well know that many factors, such as hydrocarbon, catalyst,
gas flow, pressure, growth time, growth temperature, and
cooling rate, play distinct roles in the CVD process, leading to
various morphologies of the produced graphene. At the
same time, these factors also provide us effective means
to control the growth. For instance, catalyst type can influ-
ence the properties of the as-grown graphene like quality,
continuity, and layer number distribution, due to the differ-
ent growth mechanisms and solubilities of carbon. Ni cata-
lysts usually produce nonuniform FLG films,'> while Cu
catalysts result in single-layer graphene under low pressure
conditions due to the ultralow carbon solubility and the
surface-related growth mechanism.'®'* We produced
high-quality FLG films on Fe, which is favorable for low-cost
and easy etching."® Here, we detail the controllability of CVD
by using our recent work on hexagonal graphene as an
108 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 2. (a) SEMimage and (b) AFM image of the hexagonal graphene
(produced by pyrolysis of 10/300 sccm CH4/H, on copper foil at 1000 °C
for 40 min). (c, d) SEM images of FLGs stacked by (c) two hexagon layers
with 30° rotation, and (d) three hexagon layers.'” Copyright 2011 Wiley
Publishers.

instance.'” The hexagonal graphene was produced by py-
rolysis of CH, on Cu foils at ambient pressure (Figure 2a,b).
The edges appear as straight and smooth lines with angles
of 120°. The unique shape of graphene is strongly indicative
of a single crystalline structure with either zigzag or armchair
edges. The absence of D-band in the Raman spectra reveals
the high quality of the crystalline structure, which is of great
significance for the electrical applications of graphene. The
evolution of the size, shape, and density of hexagon gra-
phene was studied by varying certain factors. Both the
average size and density monotonically increased with
growth time, while shape remained unchanged. The nuclea-
tion of graphene was modulated by the crystallinity, defect,
grain size, and grain density of the Cu surface, and lower
graphene domain densities could be obtained by annealing
Cu for a longer time. The morphology and perfection of
geometric structure of graphene were strongly dependent
on CH4 flow rates. Higher CH,4 flow rate resulted in shorter
nucleation time and more irregular graphene shapes. The
layer number could also be tuned by CH,4 flow rate. We
observed that the number of graphene layers decreased
monotonically with the decreasing of methane flow rate in
Fe-catalyzed CVD growth of FLGs.'® Moreover, the pressure
and the temperature were also important in hexagonal
graphene growth. Under low pressure, a continuous film or
regular grains were usually obtained,'®'* while the forma-
tion of hexagonal graphene was only observed at a growth
temperature above 900 °C under ambient pressure. Higher
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FIGURE 3. Schematic illustration of (a, b) the patterned CVD growth of
graphene and its applications in (c) electric devices after transfer and in
(d) source/drain electrodes of OFETs.'® Copyright 2008 Wiley
Publishers.

temperature produced graphene flakes with lower density
and larger size. Besides hexagonal graphene, we also ob-
served a few hybrid FLG structures stacked by several
hexagonal graphenes (Figure 2¢d). Two types of layer
stacking configurations were observed with orientations
either aligned or rotated by 30°. To further detail our efforts
in controllable CVD growth of FLGs, the following sections
will introduce several modified CVD techniques.

2.3. Patterned Growth of Few-Layer Graphene by
Chemical Vapor Deposition. To fabricate devices, graphene
samples need to be placed at certain locations with desired
geometries. Compared with conventional lithography pat-
terning,® patterned CVD provides a relatively simple and
feasible route to achieve this goal. It relies on the feature that
the epitaxial CVD growth takes place normally only on the
surface of catalysts. Utilization of catalyst patterns in CVD
results in the growth of graphene patterns in catalyst areas
with the same shapes. For instance, as early as 2008,
we placed the SiO,/Si substrate with Cu or Ag patterns in
the furnace (Figure 3a).'® After ethanol-CVD growth at
700-800 °C, FLG layers were obtained only on the Cu or
Ag patterns (Figure 3b). One short-coming of this technique is
the existence of catalyst metals or masks. Thus, after growth,
post-treatment is usually required (Figure 3¢), which partly
offsets the advantages of this technique in various appli-
cations. However, this patterned graphene/metal hybrid
structure shows great potential for the use of electrodes
in organic semiconductor devices without post-treatment
(Figure 3d), which will be detailed herein.'®

2.4. Doping Few-Layer Graphene by Chemical Vapor
Deposition. Doping is not only an effective approach to
tailor the electronic properties of graphene, but also a
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FIGURE 4. (a, b) TEM images, () XPS N 1s spectrum, and (d) schematic
representation of the nitrogen-doped graphene. The N 1s peak in panel
c can be split to three Lorentzian peaks at 401.7, 400.1, and 398.2 eV,
which correspond to “graphitic’, “pyridinic”, and “pyrrolic” nitrogen,
respectively, as shown in panel d. Reproduced from ref 22. Copyright
2009 American Chemical Society.

necessary technology in future graphene-based electronics,
because both p-type and n-type samples are desired to
construct complex logic circuits.'® There are two means to
dope graphene, which are interstitial doping and substitu-
tional doping. In the case of substitutional doping, the
dopant atoms substitute the carbon atoms and bond chem-
ically in the graphene lattice; thus it is predicted to be more
stable and reliable for applications. CVD has become one
of the most successful methods for substitutional doping
of graphene, because it can be realized in a controllable
manner simultaneously within the growth, avoiding destruc-
tion of graphene and complicated post-treatments like
plasma modification® or thermal or electrical annealing in
dopant gas.! In 2009, we demonstrated the production of
nitrogen-doped FLGs (Figure 4a) by introducing NHs as the
nitrogen precursor in the methane CVD growth of graphene
on Cu.?? In the growth, the precipitation of nitrogen atoms
accompanied the formation of the graphene lattice; thus the
nitrogen atoms were substitutionally doped without the
destruction of the graphene lattice. Transmission electron
microscopy (TEM) images (Figure 4b) showed that the prod-
ucts were FLGs with curved, interrupted graphitic layers.
This layer morphology was also found in case of nitrogen-
doped nanotubes and would be attributed to the nitro-
gen substitution.'® X-ray photoelectron spectroscopy (XPS)
106-115
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FIGURE 5. (a) Schematic diagram of the template CVD of FLG ribbons.
First, ZnS ribbon arrays were prepared on a Si substrate by physical
vapor deposition. Second, FLG layers were deposited on the surface of
ZnS ribbons by methane CVD. Finally, after removing ZnS by HCI
treatment, FLG ribbon arrays were obtained. (b—g) SEM images (b, d, f)
and TEM images (c, e, g) of the ZnS ribbons (b, ), the ZnS/graphene
ribbons (d, ) and the FLG ribbons (f, g). (h) Photo image of the FLG arrays
grown on the Si substrate. Reproduced from ref 25. Copyright 2009
American Chemical Society.

characterization (Figure 4¢) showed that the nitrogen con-
tent in the FLG was as high as 8.9 atom % (NH5/CH, =1:1),
and nitrogen atoms were inserted into the graphene lattice
in three bonding types, namely, “graphitic” (~92%), “pyridi-
nic” (~5%), and “pyrrolic” (~3%) nitrogen (Figure 4d), and
“graphitic’ nitrogen was dominant. It is worth mentioning
that, in 2011, scanning tunneling microscope (STM) studies
by Zhao et al. observed individual nitrogen dopants in the
lattice of CVD nitrogen-doped graphene that were homo-
geneously in the form of “graphitic’ nitrogen.>®> Moreover,
the nitrogen doping concentration can be modulated by the
ratio of NH; and CH, in the feedstock. With lower NHs/CH,4
ratios of 1:2 and 1:4, the nitrogen content reduced to 3.2 and
1.2 atom %, respectively. Besides nitrogen, CVD also has the
potential to produce the graphene doped with other ele-
ments. For instance, recently, Li et al. synthesized boron-
doped FLGs by using boron powder as the precursor in
ethanol CVD growth of graphene.?*

2.5. Template Growth of Few-Layer Graphene by Chem-
ical Vapor Deposition. Template CVD is a widely used and
well-developed technique to produce various types of na-
nomaterials with controllable morphologies. We used ZnS
ribbons as the template in methane CVD growth of gra-
phene (Figure 5).2> In the growth, ZnS catalyzed the growth
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of FLG on the surface; thus with accompanying the carbon
precipitation, the catalyst surface shapes the resulting gra-
phene according to its surface morphology. After removing
ZnS by acid treatment, FLG ribbons with shapes well-defined
by the ZnS templates were obtained. Besides the shapes, the
thickness of the FLG ribbons was also controllable by the
growth time and the flow rate of CH,. Besides the morphol-
ogy control, the other benefit of this technique is its scal-
ability. Conventional CVD can produce large-area graphene
with size up to wafer scale; however further scaling to bulk
scale is limited in success due to the limited surface of the
catalyst. High-density ZnS ribbon arrays provide a large
surface area for graphene growth; thus scalable growth
was realized, resulting in high density arrays of FLG ribbons
on the whole surface of the Si substrate as shown in
Figure 5h. Besides the ZnS ribbons, Ni nanowires®® and
ZnO nanowires®” were also used in template growth re-
cently, and a 3D macroscopic structure of a FLG with a foam-
like network was produced by template CVD of graphene on
Ni foam.?®

2.6. Metal-Catalyst-Free Chemical Vapor Deposition of
Polycrystalline Graphene. For most applications, CVD gra-
phene needs to be released from catalyst surface and then
transferred to other substrates required in device fabrication;
thus complicated and skilled postgrowth techniques are
employed, which result in contamination, wrinkling, and
breakage of the samples. A metal-catalyst-free CVD can
avoid these short-comings. We used bare SiO,/Si as the
substrate, which was annealed at 800 °C in flowing air to
activate and increase the graphene nucleation sites in the
subsequent CVD growth.?° After exposure to the CHa/H,/Ar
mixture gas at 1100 °C for 3 h, substrates became covered
with monolayer graphene islands. After 7 h growth, con-
tinued deposition enlarged the size of graphene grains and
linked the neighbor grains together, resulting in 2D inter-
connected polycrystalline FLGs. Detailed studies (Figure 6a,b)
in TEM, STM, XPS, and Raman revealed the relatively high
quality of the sample, despite no metal being employed
during the growth. Besides SiO,/Si, we also grew polycrystal-
line FLG films on quartz. Both the transmittance and conduc-
tivity of the films can be controlled by the growth time
(Figure 6¢). The films exhibited lower sheet resistance com-
pared with chemically reduced graphene oxide,° Ni-cata-
lyzed graphene,'® and catalyst-free nanographene®' and
close sheet resistance to wet-transferred graphene3? with
comparable transmittance, indicating the potential worth of
catalyst-free CVD in the application of transparent conductiv-
ity electrodes.
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FIGURE 6. (a) HRTEM and (b) STM images of FLG directly grown on bare
SiO,/Si by metal-catalyst-free CVD. (c) The transmittance and sheet
resistance of the FLG films grown on quartz by metal-catalyst-free CVD
for 6, 7, 8, and 10 h, compared with other samples in the literature.
Reproduced from ref 29. Copyright 2011 American Chemical Society.

3. Device Applications of Few-Layer
Graphene

3.1. Application in Field-Effect Transistors. One of the
most fascinating and investigated applications of graphene
is in FETs.>® Figure 7a shows typical source—drain current
(I4s) vs the source—drain voltage (V) curves of a FLG FET at
different gate voltage (V). FLG was produced by methane
CVD on copper. The most noticeable features of these curves
are the good conductivity and the poor V; dependence of I4,
which should be attributed to the band structure of gra-
phene. As we know, the electronic structure of graphene
rapidly evolves with the layer number.'"'? Single-layer
graphene and bilayer graphene are zero band gap semi-
conductors, while in case of FLG, a complex band structure
forms with more charge carriers and notable overlapping of
the conduction and valence bands, leading to larger metallic
features.'! Therefore, the lack of the band gap hampers the
applications of graphene in FETs. Moreover, another pro-
blem of the CVD graphene is the growth defects and grain
boundaries formed in the growth, because they would act as
the scattering centers for charge transport, greatly decreas-
ing the device performance.>® The ambient mobilities of
FLGs grown by CVD on Cu, as we measured, were only
300-1200 cm? V' s7' 22 gbout 1—2 orders lower than the
best results of mechanical exfoliation graphene (1.5 x 10*
cm?Vv-1s )2

CVD offers a feasible means to improve the device
performance. The CVD growth of hexagonal graphene
crystals can greatly decrease the density of defects, espe-
cially the grain boundaries, resulting in an improved
FET performance with mobilities higher than 1900 cm?
V~'s .7 This value is still lower than that of the mechanical
exfoliation samples, which would be attributed to the
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FIGURE 7. (a, b) l4s/V4s Characteristics at various Vg for the FETs made of
pristine FLGs (a) and nitrogen-doped FLGs (b). Adapted from ref 22.
Copyright 2009 American Chemical Society. (c) The presumed band
structures of pristine, nitrogen-doped, and boron-doped graphene.

presence of impurities and defects introduced in PMMA-
assisted transfer process. The metal-catalyst-free CVD rea-
lizes growth of polycrystalline graphene films on the di-
electric surface, which can be directly used for device
fabrication, avoiding the undesired transfer process. As a
result, a relatively high mobility of ~500 cm? V' s7 ' is
achieved, which is better than that obtained using chemi-
cally reduced graphene oxide films or PMMA-derived gra-
phene on Cu.?®

The other benefit of CVD is that it provides controllable
ways to modulate the properties of the graphene samples
for required FET characteristic or features. For instance, the
FETs made of nitrogen-doped FLGs by CVD (Figure 7b)
revealed a distinct feature compared with FETs made of
pristine FLGs. An n-type behavior and an obviously im-
proved on/off ratio (up to near 103 at Vg of 0.5 V as Vg
changes from —20 to 20 V) were observed with mobilities
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about 200450 cm? V! s7'.2% The improved on/off ratio
was also observed recently by Tang et al. in case of boron-
doped graphene, which showed a p-type behavior.>° Com-
pared with carbon, the nitrogen atom has one extra electron
and boron lacks one; thus the substituted nitrogen atoms
denote electrons into graphene and drive an upshift of Fermi
energy (E9 level above the Dirac points, leading to n-type
doping, whereas the boron results in a p-type doping
(Figure 7¢). Both STM and angle-resolved photoemission
spectroscopy (ARPES) characteristic of the CVD nitrogen-
doped graphene confirm the doping effect. Li et al. and
Usachov et al. found that 50—70% of extra electrons
of nitrogen dopant were delocalized into the graphene
lattice,* causing an E; upshift of 300 meV.3* More impor-
tantly, as predicted in theory, the dopant atoms change the
lattice structure of graphene, which largely suppress the
density of states of graphene near E;, resulting in a band
gap opening.?®3> And the band gap is about 0.2 eV in case of
CVD graphene with 0.4 atom % nitrogen dopants, according
to the ARPES results.*

3.2. Application as Electrodes in Organic Field-Effect
Transistors. In conventional organic FETs (OFETs), the con-
tact between the organic molecules and metal electrodes
is generally poor. Graphene, to a certain degree, can be
regarded as a macroscopic organic molecule with a similar
structure to many organic semiconductors. Strong m—x
interactions are expected between them, which offer gra-
phene great potential for applications in organic devices. We
modified the surface of the Ag or Cu with FLGs by patterned
CVD and used them as the bottom source/drain electrodes
in OFETs by thermally evaporating 50 nm pentacene.'®
Because the growth of graphene only took place on the
metal electrodes, patterned CVD modified the metal elec-
trodes without shortage in the channel. The strong interac-
tion between graphene and pentacene resulted in the penta-
cene molecules lying flat on the electrode, forming a buffer
surface for subsequent molecule packing (Figure 8a). A larger
grain size of pentacene domains was observed on graphene
compared with that on SiO, (Figure 8b). We even observed
some pentacene crystals across the graphene/channel inter-
face, which led to improved electrode/pentacene contact.
On the other hand, the previous theoretical and experimen-
tal work showed that the graphitic materials had a work
function inthe 4.4—5.2 eV range,® which might resulted ina
lower hole-injection barrier at the electrode/pentacene sur-
face. Therefore, a dramatic reduction of contact resistance
was achieved. As we measured, the graphene-modified
electrodes exhibited contact resistance of 0.16—0.18 M,
112 = ACCOUNTS OF CHEMICAL RESEARCH
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FIGURE 8. (a) Packing model of the pentacene molecules in the
pentacene OFET with graphene-modified electrodes and the energy
structure at the pentacene/electrode interface. (b) SEM image of a
pentacene OFET at the interface of graphene-modified electrodes and
SiO,. () Transfer characteristics of pentacene OFETs with graphene-
modified and bare Ag electrodes. Reproduced from ref 18. Copyright
2008 Wiley Publishers.

about 1 order of magnitude lower than that of Cu or Ag
electrode. More importantly, the reduced contact resistance
led to a dramatically improved performance (Figure 8c) with
mobilities higher than 0.5 cm? V~' s~. By carefully control-
ling the CVD process and the pentacene deposition, field-
effect mobility even up to 1.2 cm? V=" s~ was achieve for
pentacene-based OFETs with graphene/Au bottom elec-
trodes and channel length of 5 um, which should be one
of the best results for OFETs with bottom-contact configura-
tion and narrow channel length.?” Therefore, patterned CVD
provides a simple way to modify the metal electrodes with
high-quality graphene layers for high-performance organic
devices. In contrast, we used inkjet printing to pattern
graphene oxide solutions as the bottom source/drain elec-
trodes for pentacene-based OFETs.3® A lower mobility
(about 0.2 cm? V' s7') was measured, which would be
attributed to the relatively lower quality compared with CVD
graphene.

3.3. Application in Electromechanical Switching De-
vices. One significant potential application of graphene is
in nanoelectromechanics (NEM), because graphene not only
shows excellent electronic properties but also has atomic
thickness, large surface area, low mass density, high stiff-
ness, and enormous strength.>® The NEM switches were
fabricated by current breakdown of the FLG ribbons grown



Controllable CVD Growth of Graphene Wei et al.

Vit
b & C
W
?_ Input 1 1
— e
2 6. o R
@ Switch | -y
3 g 5+ Input2 | a4 51
g g Emamml foe |
- i =
§ e Switch I = E QEE
= 2 11 0 11 3
O 2 = 2V) (BV)  (8Y) V)| (8V) (8V)
o
1 1 1
ON
T T T T 10 T T T T T
5 6 7 8 9 0 20 40 60 80 100 120
Voltage (V) Time (s) Voltage

FIGURE 9. (a) /-V curves of a NEM switch made of FLG ribbons. Inset shows the SEM images of the FLG ribbon before (left) and after (right) current
breakdown. (b) Output voltage of a logic OR gate made of FLG NEM switches for the four possible inputs: (0,0), (0,1), (1,0), and (1,1). Inset is the
schematic of the electronic circuit of the logic OR gate. () The proposed switching mechanism of the NEM switch based on FLG ribbons. Adapted from

ref 25. Copyright 2009 American Chemical Society.

by template CVD.?® The SEM image reveals a long, narrow
nanogap with curled fracture faces formed after current
breakdown. Figure 9a shows typical -V curves of the device
after current breakdown, which resembles that of a bias-
dependent switch. At low bias region, the current is very low,
about 10731072 A, corresponding to the “OFF’ state; the
current sharply increases by about 4 orders of magnitude to
4 x 10~° A, when the bias increases over a threshold voltage
(W), corresponding to the “ON” state. We repeatedly cycled
the bias of a FLGR switch below and above V;, and a good
reversible switching behavior was observed with an on/off
ratio of about 10~°. Moreover, we fabricated logic OR gate
circuits by connecting two NEM switches in parallel (Figure 9b).

The long, narrow nanogap should be responsible for the
reversible switching behavior (Figure 9¢). This configuration
can be regarded as a nanoscale capacitor with air dielectric.
When a bias is applied across the gap, opposite electrostatic
charges are induced on the opposite edges, giving rise to an
electrostatic attractive force to deflect them toward each
other. At the bias above V,, a large electrostatic attractive
force deflects the edges and causes them make electrical
contact, establishing an “ON” state; while below V,, the small
electrostatic attractive force and van der Waals force cannot
counteract the elastic repulsive force of the tensioned rib-
bon; thus the edges spring back to noncontact “OFF” state.
FLGs are ideal for use of the NEM switches. It has not only a
good conductivity and flexibility but also a sufficient bend-
ing rigidity for the switching operation, because the bending
rigidity has a strong thickness dependence.*®

4. Conclusions

Controllable synthesis is of great significance for both funda-
mental research and practical applications of graphene.

Inthis Account, we survey our recent progress in controllable
CVD growth of graphene, especially FLG, for device applica-
tions. Despite remarkable advances being achieved re-
cently, both opportunities and challenges still remain. For
instance, CVD proves a great success in controllably produ-
cing carbon nanotubes, a rolled graphene structure with
nanometer-scale diameters; however how to produce sub-
10 nm nanoribbons by CVD still remains a problem, and the
control over the shape, edge, and doping of graphene are
still limited in success at nanometer-scale. Although wafer-
scale growth of graphene has been achieved by CVD, the
products are still polycrystalline films with considerable
growth defects and grain boundaries. It is worth noting that,
recently, the CVD growth of defect-free graphene crystals
has reached 107 um-scale on copper or platinum;*'#? how-
ever more efforts are still needed to further scale up to wafer
scale. This, as well as the high growth temperature and the
complex postgrowth transfer process hamper actual appli-
cations of CVD graphene in electronics, at least under the
present states. Anyway, CVD is one of the most promising
routes to produce graphene for various applications, and
there is, we believe, a bright future for the controllable CVD
growth of graphene after further exploration.
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