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 Controlled Synthesis of Large-Scale, Uniform, Vertically 
Standing Graphene for High-Performance Field Emitters  
 Graphene, a two-dimensional (2D) sheet consisting of sp 2 -
hybridized carbon atoms, has attracted enormous attention 
during recent years because of its outstanding materials charac-
teristics [  1–3  ]  and promising technological applications. [  4–12  ]  While 
devices with graphene sheets lying fl at on substrates have been 
investigated extensively, the alternative confi guration invovling 
vertically standing graphene (VSG) fi lms on substrates has 
been lacking but possesses many unique potential applications, 
such as supercapacitors and biosensors. [  13  ,  14  ]  Because plenty of 
exposed edge planes exist in such VSG devices, which can also 
potentially provide a high density of individual fi eld emission 
sites, application of VSG fi lms towards high-effi ciency fi eld 
emitters has already been suggested. [  15–17  ]  However, a few major 
challenges need to be addressed in order to achieve excellent 
VSG-based fi eld emitters possessing a low turn-on fi eld, low 
threshold fi eld, high enhancement factor, and good stability, 
including the reliable fabrication of large-scale uniform VSG 
fi lms with high yield and precise engineering of interfacial con-
tact with substrates. 

 Here, we report an approach to develop wafer-sized and 
uniform VSG fi lms on copper (Cu) foil by using a microwave-
plasma chemical vapor deposition (MP-CVD) system with high 
reproducibility. While Cu has been applied as substrate for 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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large-area graphene and uniform growth by methods such as 
thermal CVD, the growth mechnism of VSG on Cu remains 
ambiguous. [  13–15  ]  It has been demonstarted that as-prepared 
VSG fi lms containing large-sized graphene sheets with atomi-
cally thin edges can signifi cantly contribute to the emission 
current for fi eld-emission displays. [  18  ]  In addition, the copper 
substrate represents a convenient and economic collector elec-
trode for fi eld emitters. In this work, the growth mechanism of 
VSG fi lms on Cu substrates is also elucidated. We further dem-
onstrate that the morphology of VSG fi lms can be controlled by 
optimizing the growth conditions, such as growth time, CH 4  
fl ow rate, and ratio of CH 4 /H 2 . Lastly, fi eld-emission devices 
based on Cu-VSG fi lms are shown to possess a low turn-on 
electric fi eld of 1.3 V  µ m  − 1 , a low threshold fi eld of 3.0 V  µ m  − 1  
and a large fi eld-enhancement factor of 1.1  ×  10 4 , confi rming 
the high quality of the VSG fi lms, as well as their promising 
application for large-area fi eld emitters. 

   Figure 1  a,b show the typical surface topography of a VSG 
fi lm after 2 min of growth under 6.0 Torr with a mixture of CH 4  
and H 2  (10 sccm:50 sccm). A large quantity of carbon edges 
can be found as compared with planar graphene. The cross-
sectional scanning electron microscopy (SEM) image of VSG 
on the Cu substrate (Figure  1 c) demonstrates that the as-grown 
graphene sheets are nearly perpendicular to the substrate. The 
height of each vertical sheet is about 1.6  µ m. Figure  1 d,e show 
transmission electron microscopy (TEM) images of VSG, sug-
gesting that the graphene sheets have smooth and thin edges. 
The selected-area electron diffraction (SAED) pattern (inset of 
Figure  1 d) further confi rms the high crystal quality by the hex-
agonal diffraction patterns. High-resolution transmission elec-
tron microscopy (HR-TEM) images, as shown in Figure  1 f and 
Figure  1 g, reveal that the edges are terminated with single-layer 
graphene and four-layer graphene, respectively. The interlayer 
spacing between two neighboring monolayer sheets is about 
0.364 nm, which is larger than that of graphite, and is most 
likely caused by reduced interactions between them. More evi-
dence can be found from Raman characterization. The layers 
counted on the edges from the TEM images imply that the VSG 
fi lms terminate with a thickness corresponding to few-layer 
graphene or less.  

 From the optical image ( Figure    2  a) and SEM images under 
different magnifi cations (Figure  2 b,c), it is clear that this VSG 
fi lm uniformly grew over the whole substrate with a dia-
meter up to 15 mm, which was not facile on Si or SiO 2 - in our 
system (Supporting Information, Figure S1). The “wafer-scaled” 
VSG fi lms would be important for further applications of, for 
example, pattern-arrayed devices (Supporting Information, 
Figure S1). Growth on larger wafers is currently limited by the 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 250–255
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     Figure  1 .     a) SEM image of VSG grown on copper foil under growth conditions of: a H 2 /CH 4  ratio of 50 sccm/10 sccm, a pressure of 6.0 Torr, and a 
growth time of 2 min. The scale bar is 500 nm. b) Magnifi ed SEM image of the VSG fi lm. c) Cross-sectional SEM image of VSG on a Cu substrate. 
d,e) TEM images of VSG (with SAED of hexagonal patterns in the inset of (d), showing that the nanosheet has a sharp edge with an open graphitic 
edge plane. f,g) HR-TEM images of VSG with single-layer graphene and four-layer graphene edges, respectively.  
size of the sample holder in our home-made CVD chamber. 
Raman maps in several randomly selected areas also confi rm the 
uniformity of VSG fi lms (Supporting Information, Figure S2). 
Furthermore, growth on Cu substrates showed a much higher 
© 2013 WILEY-VCH Verlag Gm

     Figure  2 .     a) Optical image of VSG fi lm on a copper substrate with a diamet
d) Raman spectrum of VSG. The inset shows a single Lorentz shape fi tting of 

Adv. Mater. 2013, 25, 250–255
growth rate than on Ni, [  13  ]  Si, [  14  ]  and other metal or non-metal 
substrates. Graphene sheets with an average size of 1.5  µ m 
could be obtained after just 2 min under the above experimental 
conditions, while several tens of minutes would be needed for a 
251wileyonlinelibrary.combH & Co. KGaA, Weinheim

er of  ≈ 15 mm. b,c) SEM images of VSG fi lm with different magnifi cations. 
the 2D band. e) XPS of the VSG sample, with the C1s spectrum in the inset.  
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 smaller size on other substrates, according to previous reports 

and our controlled experiments.  
 To identify the composition, crystal structure, and valence 

states, further characterizations of VSG fi lms by means of 
Raman spectroscopy (Figure  2 d), X-ray photoelectron spectros-
copy (XPS) (Figure  2 e) and electron energy-loss spectroscopy 
(Supporting Information, Figure S3) were carried out. Raman 
spectroscopy can provide information on the number of layers, 
the defect density, and the layer stacking in our VSG samples. 
Figure  2 d shows a typical Raman spectrum of as-grown VSG 
with four major bands: G bands appear at the expected posi-
tion,  ≈ 1582 cm  − 1 , with a full width at half-maximum (FWHM) 
of 23 cm  − 1 , which corresponds to the doubly degenerate 
phonon mode (E 2g ) at the Brillouin zone center. The 2D band is 
at  ≈ 2700 cm  − 1  and has a broadened FWHM of 49 cm  − 1 , which 
is associated with second-order zone-boundary phonons. This 
fi nding indicates that the few-layer graphene does not exhibit 
Bernal AB stacking of graphene layers, and that the layers 
are randomly rotated with respect to one another along the  c  
axis. [  19  ]  The reduction of the interlayer interaction between the 
graphene layers results in similar features in the Raman spectra 
as seen for monolayer graphene, which may offer advantageous 
electrical properties for device applications. The broadened 
line width of the 2D band can be attributed to the relaxation of 
double resonance Raman selection rules related to the random 
orientation of the graphene layers. The ratio of the G band to 
2D band intensity is nearly 1, suggesting that as-synthesized 
materials should be few-layer graphene. The high-intensity 
D band of this VSG fi lm at  ≈ 1350 cm  − 1  is possibly due to the 
large fraction of edge carbons serving as defects by breaking 
the translational symmetry of the lattice. As a result, all of the 
evidence from the Raman spectra reveal that our samples con-
sisted of randomly stacked few-layer graphene sheets with a 
large portion of edges on the top. 

 The X-ray photoelectron spectroscopy (XPS) technique was 
used to investigate the chemical composition and valence states 
of the VSG fi lms. Figure  2 e is a representative XPS spectrum of 
VSG, showing a strong C 1s peak at 284.8 eV, a small O 1s peak 
at 532.7 eV, and a weak O KLL Auger band between 970–980 eV. 
Except for some oxygen adsorbates on the surface, no other ele-
ments were found in the fi lm. The concentrations of C and O 
elements in the fi lm were about 98.3% and 1.7%, respectively. 
The formation of such oxygen adsorbates is believed to result 
from physical and/or chemical adsorption of oxygen, mainly 
on the edge defects at room temperature, when the sample 
was exposed to ambient conditions. In a high-resolution asym-
metric C 1s spectrum (inset of Figure  2 e), the tail between 
286 eV and 290 eV is due to C − O, C = O, and energy-loss 
“shake-up” features. [  20  ,  21  ]  

 Several similar materials on substrates of such as Ni, Si, and 
SiO 2  have been achieved. [  13–15  ]  However, the growth mecha-
nism of VSG fi lm on Cu substrate has not been clear. To elu-
cidate the growth mechanism of VSG fi lms on Cu substrates, 
the evolution of VSG fi lm was monitored by varying the growth 
time under otherwise the same conditions. We prepared sam-
ples with growth periods varying from 30 s to 2 min under 
6.0 Torr of CH 4 /H 2  with a fi xed ratio (5:50 sccm). We found that 
when the growth time was increased to 1 min, a planar fi lm 
containing wrinkles or ripples was obtained ( Figure    3  a). The 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
Raman spectra of such a planar fi lm (see Supporting Informa-
tion, Figure S4a) demonstrate that this fi lm should be turbos-
tratic graphite since the 2D peak could be fi tted with a single 
Lorentzian lineshape with a broadened FWHM of 61 cm  − 1 . [  19  ]  
However, the high intensity of the D peak suggests a poor 
quality of the multilayer graphene fi lm. From the zoomed-in 
SEM image (Figure  3 b), plenty of carbon grains can be observed, 
which possibly contributed to the high peak intensity of the D 
band in the Raman spectra. As the growth time was increased 
to 2 min, the VSG was fully developed (Figure  3 c). This observa-
tion suggests that fl at epitaxial layer was formed fi rst, and then 
a transition to a 3D island growth mode could take place after 
a certain critical thickness, following the Stranski–Krastanov 
growth model. [  22  ]   

 Based on the above experimental fi ndings, we developed a 
model (Figure  3 d − h) to understand the growth of VSG fi lms on 
copper surfaces in the MP-CVD system: In the initial stage of 
VSG growth, the feeding gas (CH 4 ) was decomposed to carbon 
atoms or benzene rings with saturated or unsaturated carbon–
hydrogen bonds by the microwaves, serving as building blocks 
(Figure  3 d). Once the supersaturation condition was reached, 
the precursors could adsorb on the Cu substrates and begin 
to nucleate. By using copper-foil substrates as a surface-active 
agent to reduce the surface free energy, an increased island 
density was achieved, and thus two-dimensional growth was 
enhanced. [  23  ,  24  ]  Firstly, a few monolayers with random stacking 
were formed (Figure  3 e), followed by the growth of carbon clus-
ters, as revealed in Figure  3 b. Subsequent layer-growth mode 
was unfavorable due to the following two reasons: 1) because 
of suffi cient accumulation of strain energy in the system, the 
intermediate layer may not be able to continue to form bulk 
crystal, and thus cause a transition from 2D complete fi lms 
to 3D clusters beyond a critical layer thickness; [  24  ]  indeed, 
we found a remarkable blueshift of the 2D peak (2713 cm  − 1 ) 
compared with exfoliated graphene on SiO 2  (2683 cm  − 1 ) (Sup-
porting Information, Figure S4b), which agreed well with the 
existence of compressive strain in planar few-layer graphene 
(Supporting Information, Figure S4a). [  25  ]  2) In this ion-assisted 
deposition process, the precursors possessing high energy may 
create defects on the fi lm surface that could become new nucle-
ation sites due to a higher binding energy for growth. Both the 
extreme strain and the defects of the as-deposited fi lm (Figure  3 f) 
fi nally led to a vertical growth in the 3D clusters (Figure  3 g). 
In addition, an enhancement in carbon-atom mobility from 
the microwave energy could ensure growth along the vertical-
graphene sheet because these atoms would reach the edges 
more frequently and thus diffuse outwards. As the size of the 
graphene sheets increases, they interact with neighboring 
sheets via van der Waals forces, leading to overall rigidity for 
oriented growth (Figure  3 h). This rigidity further assures 
that the graphene sheets can keep growing along the original 
vertical direction. 

 The performance of VSG fi lm usually is dependent on its 
morphology, such as the surface area and the thickness of 
edges. Thus, in order to obtain VSG fi lms with a large size and 
thin-edge graphene sheets, we modulated the morphology by 
varying the growth time, CH 4  fl ow rate, and the ratio of CH 4  
to H 2 , based on our proposed growth mechanism.  Figure    4  a − f 
show SEM images of the VSG fi lms with increasing CH 4  fl ow 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 250–255
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     Figure  3 .     a) SEM image of the former state of VSG grown on copper foil under growth conditions of: H 2 /CH 4  ratio of 50 sccm/5 sccm, pressure of 
6.0 Torr, and growth time of 1 min. b) Magnifi ed SEM image of (a). c) SEM image of VSG with growth time increasing to 2 min. d − h) Schematic growth 
process of VSG fi lm on copper substrate in an MP-CVD system. d) Breakage of carbon–hydrogen bonds by microwaves. e) Formation of multilayer 
graphene on a Cu surface. f) Strain and defects on 2D graphene fi lm after a period of growth. g) Transition from 2D to 3D growth due to accumu-
lated strain and defects. h) Development of a VSG fi lm on a Cu substrate due to high mobility of the carbon atoms and van der Waals force between 
neighboring graphene sheets.  

     Figure  4 .     a − f) SEM images of VSG growth with an increase of CH 4  fl ux from 5 sccm to 100 sccm while maintaining a constant H 2  fl ux of 50 sccm. The 
growth pressure is 6.0 Torr. The scale bars in all six images are 100 nm.  

Adv. Mater. 2013, 25, 250–255
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     Figure  5 .     a) Typical plots of electron-emission current density ( J ) as a function of applied electric fi eld ( E ) for the VSG fi lm. b) Corresponding F − N 
plots. c) Stability of emission current of the VSG fi lm grown on copper substrate.  
rates from 5 sccm to 100 sccm, while keeping the H 2  fl ux 
constant. The size of the graphene sheet increased with the 
increase of the methane fl ow rate with a maximum at 10 sccm, 
remained steady between 10 and 30 sccm, and then decreased 
when increasing CH 4  fl ow rate further. The corresponding 
Raman spectra of the samples with different methane fl ow rates 
are plotted in Figure S5 in the Supporting Information. We also 
found that larger CH 4  fl ow rates usually led to shorter times 
for nucleation and growth (Supporting Information, Figure S6). 
According to classical nucleation theory, thin fi lms are often 
grown away from thermodynamic equilibrium and their mor-
phology becomes determined by the kinetics. [  24  ]  A faster genera-
tion of carbon monomers, resultant from a larger methane fl ow 
rate, could lead to a higher nucleus density and a faster nuclea-
tion. An insuffi cient gas-fl ow rate could go against the nucle-
ation and growth of samples due to a shortage of the carbon 
source, while the excessively high density of the crystal nucleus 
tended to hinder the nucleus from growing into large sizes of 
graphene sheets, since the interspace between two neighboring 
nuclei was smaller than that in low-density-nucleation samples. 
Furthermore, as the methane fl ow rate increases, the ratio of 
CH 4  to H 2  is increased, which would reduce the etching effect 
of the hydrogen plasma and lead to thicker graphene sheets 
(Figure  4 f). However, the overlarge H 2  ratio also led to a small 
size of the graphene sheets due to the excessive etching effect 
(Figure  4 a). Controlling the dynamic competition between 
growth and etching turns out ot be the key to obtaining VSG 
fi lms containing a large size of graphene sheets with atomic 
thin edges successfully. Under a certain methane fl ow rate and 
ratio of CH 4  to H 2 , the size of the graphene sheets increases 
with growth time but exhibits saturation thereafter. An exces-
sive growth time would cause damage to the fi lms (Supporting 
Information, Figure S7). Thus, we conclude that an appropriate 
growth time, methane fl ow rate, and ratio of CH 4 /H 2  are cru-
cial for achieving samples with the desired morphology.  

 To characterize further the quality of our VSG fi lm and 
explore its possible applications, the fi eld-emission behavior 
was investigated using a home-made fi eld-emission measure-
ment and analysis system. The anode was an indium tin oxide 
(ITO)-coated glass, and the Cu foil substrate with VSG was used 
as the cathode. The interelectrode distance was kept at 520  µ m, 
and the area of the sample was 8 mm  ×  8 mm.  Figure    5  a 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
displays the current density ( J ) as a function of electric fi eld ( E ) 
for the as-prepared VSG fi lm (10 sccm CH 4 , 2 min growth time). 
The fabricated fi eld emitter exhibited a low turn-on electric fi eld 
( J   =  10  µ A cm  − 2 ) around 1.3 V  µ m  − 1  and a low threshold fi eld ( J  
 =  1 mA cm  − 2 ) around 3.0 V  µ m  − 1 , which were much lower than 
the values observed in VSG fi lms on a Si substrate or graphene 
fi lms prepared by the coating method or electrophoretic deposi-
tion. [  15  ,  26  ]  In addition, a high fi eld-emission current density of 
1.3 mA cm  − 2  was also observed with no saturation tendency during 
the measurement. Fowler–Nordheim (F–N) theory is the most-
commonly used model for understanding the electron-emission 
behavior of various nanostructures, [  27  ,  28  ]  in which a good line-
arity of the F–N plots typically suggests that the cathode material 
agrees with this model. To investigate the underlying electron-
emission mechanism of the VSG fi lm, we further plotted 
ln( J / E  2 ) versus 1/ E , which could be fi tted with a linear line 
shape (Figure  5 b) and showed to be in good agreement with the 
F–N equation. By taking the work function of graphite ( ≈ 5 eV), 
the fi eld-enhancement factor (  β  ) of the VSG fi lm was calculated 
to be about 1.1  ×  10 4  from the fi tting curve, which is among the 
highest of all graphene-based materials. [  17  ,  18  ,  26  ,  29  ,  30  ]  The large 
enhancement factor allows for suffi cient tunneling of electrons 
from VSG fi lms through barriers, giving rise to a low turn-on 
voltage. To evaluate the stability of the fi eld-emission current of 
the VSG fi lms, we recorded the current density of 1 mA cm  − 2  
over 120 min. As shown in Figure  5 c, no obvious degradation of 
emission performance was observed.  

 The excellent fi eld-emission characteristics of VSG fi lms on 
a copper substrate may be attributed to following factors: fi rstly, 
VSG fi lm has plenty of atomic-thick graphene edges. Together 
with other unique features, such as the high aspect ratio, excel-
lent electrical conductivity, and good mechanical properties of 
few-layer graphene, it meets all the requirements for an excellent 
fi eld emitter; secondly, VSG growth on Cu substrates ensures 
uniform morphology and a high graphene density. Suffi cient 
effective fi eld-emission sites for reducing the turn-on fi eld and 
increasing the emission current can also be achived; thirdly, the 
unique growth mode of VSG fi lm on copper substrates may 
improve the interfacial contact, reduce the resistance between 
the fi lms and substrates, compared with VSG fi lms on Si sub-
strates or graphene fl ims prepared by the spray method, and 
thus improve the fi eld-emission performance; fi nally, the good 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 250–255
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stability of the VSG fi lms may be due to their homogenous sur-
face morphology [  26  ]  and good interfacial contact. All of the above 
factors result in the low turn-on fi eld, low threshold fi eld, high 
enhancement factor, and excellent current stability, making VSG 
fi lm a good candidate for a fi eld-emission source. 

 In summary, we have developed a microwave-plasma CVD 
process for synthesizing large-scale and uniform VSG fi lms 
with high quality, high yield, and high growth rate on wafer-
scale copper substrates. The growth mechanism of the VSG 
fi lm on Cu substrate is also discussed in detail for the fi rst 
time. By optimizing the growth conditions, VSG fi lms with 
a high surface area and sharp edges can be achieved. These 
fi lms also exhibit excellent fi eld-emission properties with a low 
turn-on electric fi eld of 1.3 V  µ m  − 1 , a low threshold fi eld of 
3 V  µ m  − 1 , a large fi eld-enhancement factor of 1.1  ×  10 4 , and 
good emission stability, suggesting promising applications in 
energy storage and as fi eld emitters. More efforts on seeking 
potential applications of such VSG fi lms are in process. 

  Experimental Section 
 Synthesis of the VSG was carried out in a home-made, microwave-
plasma deposition system. Inductively coupled plasma was generated at 
the entrance of a 1.2 inch quartz-tube furnace. The typical experimental 
procedure is summarized as follows: after the sample (quartz) supporter 
with copper foil was placed, the reaction chamber (quartz tube) was 
pumped down and then refl uxed by H 2  for a certain time to eliminate 
contamination thoroughly. After the pressure in the chamber reached 
the expected value and was stable under a certain ratio of CH 4 /H 2 , the 
microwave was started and maintained for a a certain period; then, the 
source of microwave and gas was shut down while the pump continued 
running for about twenty minutes to ensure that the samples were 
cooled down to room temperature naturally under vacuum conditions. 

 SEM images were recorded using a Raith 150 instrument with 
a working voltage at 10 kV. Raman spectroscopy was performed 
using a Horiba Jobin Yvon LabRAM HR-800 Raman microscope (  λ    =  
532 nm, power  =  1 mW, beam spot  =  1  µ m) at room temperature and 
under ambient conditions. HR-TEM analysis and EELS spectra were 
recorded on a JEOL 2010 instrument operating at 200 kV: samples were 
scraped off the copper foil and dispersed in alcohol, and a few drops 
of solution were added onto 200-mesh holey carbon copper grids. XPS 
measurements were performed using a VG Scientifi c ESCALab220i-XL 
instrument, using monochromatized Al K  α   radiation at 300 W. 

   Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author. 
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