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Graphene sheet is expected to be a highly efficient field emitter due to its unique electrical properties

and open surface with sharp edges. However, it is still a tremendous technical challenge to grow and

align a graphene sheet in one particular direction to protrude its sharp edges for good field emission.

Here, we report an ideal graphene field emitter of flower-like graphene nanosheets grown on a silicon

nanocone array, wherein nanocone array guides the alignment of vertical nanosheets and produces

high-density sharp edge protrusions on the conical tip. We observe high performance and stable field

emission with low turn-on fields from floral-clustered graphene nanosheets. Protrusive sharp edges on

the nanocone tip and optimized spacing between clusters both appear to locally enhance the electric

field and dramatically increase field emission. Our new graphene emitter design provides a robust

approach to the prospect for development of practical electron sources and advanced devices based on

graphene field emitters.
Introduction

Most electron emitter applications today take advantage of

thermionic emission to generate high-current electron beams for

a variety of applications such as X-ray sources, electron micro-

scopes, cathode ray tube (CRT) displays, and microwave

amplifiers,1–3 but some problems still exist such as instability,

bulkiness and heat radiated around the device. Therefore, cold

cathode emitters attract much attention because they can work at

room temperature with a fast turn-on process, and they provide

high emission current density at low electric fields while making

smaller devices possible and reducing the constraints in material

considerations.4 So far, various low-dimensional nanomaterials

have been demonstrated to be candidates for cold cathode

emitters, among which the most notable are the carbon nano-

materials—including nanotubes, nanofibers, nanorods, nano-

cones and nanowalls5–9—which have been widely studied to

explore their applications as electron sources due to their unique

structure with achigh aspect ratio and excellent electronic and

mechanical properties. Perhaps of the greatest importance is the

very promising carbon nanotube’s field emission property, with

low turn-on voltage and high emission current far superior to

other field emitters, which is also a significant feature of high

performance field emitters.

A new carbon nanomaterial, graphene was first prepared in

2004,10 and has subsequently become an exciting material for

research due to its fascinating physical properties. It has
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attracted immense and persistent interest in its enormous appli-

cation potential.11–14 Graphene is a 2-D planar graphitic nano-

structure, and its open surface and sharp edge producing a large

aspect ratio make it attractive for field electron emission appli-

cations. Some recent reports indicate that the turn-on field of flat

graphene sheets is very high, on the order of 108 V m�1,15 but

significant enhancement of graphene’s electron field emission can

be obtained only in the sharp edges of graphene when an electric

field is applied along the sheet because of the reduction of the

work function at the edges as compared to the graphene sheet

body.16 Therefore, the growth and alignment of graphene sheets

in one particular direction has become a breakthrough much

sought after in the development of graphene as a field emitter.

Although it is a tremendous technical challenge to grow and

align vertical single-layer graphene, technical progress was

recently made to prepare vertical few-layer graphene nanosheets

by a CVD method.17–23 Few-layer graphene structures—usually

with 3–10 layers—have been extensively studied due to having

electrical properties similar to graphene and because they are

easy to prepare.24–28 However, the few-layer graphene sheets

reported so far often have uncontrollable morphologies, and

their edges are too closely packed, which gives rise to a field

screening effect that dramatically hampers the desired increase in

field emission. So at this point, controlling the overall

morphology and simultaneously optimizing the edge arrange-

ment of an array of vertical few-layer graphene sheets would be a

big step toward obtaining a large field enhancement factor, and

such material may even have field emission properties quite

comparable to those of carbon nanotubes. Therefore, finding a

means of utilizing the sharp edge of graphene sheets to design

new emission structures is an immediate concern of researchers
Nanoscale, 2012, 4, 6383–6388 | 6383
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investigating graphene as an ideal field emitter for practical

applications.

To dramatically improve the field emission properties of

vertical few-layer graphene sheets, two aspects should be

considered foremost: configuring plenty of vertically aligned

sharp edges, and suitably separating the edges from each other to

increase the local electrical field and the field enhancement factor.

Here, we report a newly designed graphene emitter—a petaloid

graphene nanosheet (PGNS) of few layers, grown on a silicon

nanocone array (SNCA) by hot-filament chemical vapor depo-

sition (HFCVD) method, in which the nanocone structure

functionalizes the graphene nanosheet and serves as a template

causing the sharp edges of graphene nanosheets to form a floral-

form tip on each cone, yielding a strong tip effect for field

emission applications. These as-grown few-layer PGNSs have

very sharp edges, and their outermost edge may even be a single

layer. In addition, these PGNSs are grown controllably on a

SNCA to produce clusters of PGNSs, where the space between

clusters is controlled by the periodicity of SNCA and the growth

time of PGNSs and hence to optimize the morphology and edge

density of PGNS. Indeed, the SCNA greatly enhances the field

emission factor of the whole structure. Our results show that the

structure is highly efficient and stable in field emission, with a low

turn-on field. The combination of abundant protruding sharp

edges and optimal spacing between clusters is demonstrated to

locally enhance the electric field and dramatically increase field

emission. Our design for new graphene emitters provides a

robust approach to the development of practical electron sources

as well as advanced devices based on graphene field emitters.
Fig. 1 SEM images of (a) silicon nanocone array, (b) floral-clustered

graphene nanosheets grown on a nanocone array with a growth time of

30 min and a bias current of 10 mA, (c) high-resolution image of pet-

aliform graphene nanosheets on a nanocone tip, (d) vertical graphene

sheets grown on a flat silicon wafer. The scale bar of (a), (b) and (d) is

1 mm, and the scale bar of (c) is 200 nm.
Experimental

The silicon nanocone array was fabricated by cryogenic maskless

etching in an inductively coupled plasma (ICP) system, in which

SF6 and O2 were used as etching gas to fabricate Si nanocones.

The geometry of Si nanocones, such as height, density or aspect

ratio, was modulated through changing the etching parameters.

An as-formed silicon nanocone array served as the substrate to

grow the few-layer graphene nanosheets by HFCVD. The Ar, H2

and CH4 were fed into the HFCVD system with a ratio of

40 : 10 : 1 for the growth of PGNSs. The growth process was

carried out under different temperatures from 700 to 1000 �C,
and pressure was maintained at 2 kPa in all cases. A positive bias

voltage was added on the filament during growth. The bias

current was measured with an ammeter.

The morphology and structure and the chemical bond-state of

the obtained samples were characterized by scanning electron

microscopy (SEM), transmission electron microscopy (TEM),

high resolution transmission electron microscopy (HRTEM) (at

200 kV), electron energy loss spectroscopy (EELS) and Raman

spectra.

A typical parallel setup was placed in a high vacuum chamber

(�10�6 Pa), in which the as-prepared sample and an aluminum

plate were the cathode and anode, respectively. The distance

between the cathode and anode was 300 mm, and testing was

done at room temperature. When the applied voltage between

cathode and anode was increased, the emission current was

recorded using an amperometer.
6384 | Nanoscale, 2012, 4, 6383–6388
Results and discussions

The PGNSs are uniformly grown on a silicon nanocone array by

HFCVD using CH4 and H2. The process of preparing the PGNS

samples is detailed in the Experimental section below. Fig. 1a

presents a SEM image of a silicone nanocone array fabricated by

ICP etching, used as the substrate of PGNSs. Cones are

approximately 900 nm in height with a tip radius of less than 10

nm, and their distribution density is about �3.5 � 109 cm�2.

These nanocones have a very sharp tip geometry, which favors

the growth of graphene nanosheets with many sharp edges and

with functionalized field emission properties. Fig. 1b shows the

morphology of graphene nanosheets grown on SNCAs in

Fig. 1a. These graphene nanosheets entirely cover the cone

surface and seem to mimic the shapes of flower petals. The

petaloid graphene nanosheet clusters are isolated from each

other due to the conical array’s structure, which effectively

optimizes the density of the PGNS array. The high-resolution

SEM image shown in Fig. 1c gives a clear view of the edges of

PGNSs on the cone tip, and their petaliform edges are very thin,

spreading out layer by layer. Compared with vertical graphene

nanosheets grown on the flat substrate of silicon wafer, as shown

in Fig. 1d, the form of our nanosheets grown on the nanocone

array greatly enhances the configuration of both the sharp edges

and the large surface areas, which together are very favorable for

both the field enhancement factor and the emission site density

needed for a good field emitter.

Further structural details of the as-grown graphene nanosheets

were acquired from the TEM images, EELS and Raman spectra,

as shown in Fig. 2. Fig. 2a is a TEM image of graphene fragments

scraped from a PGNS, revealing the very thin sheet structure of

graphene. The edges of a graphene nanosheet are shown in a
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 (a) and (b) TEM images of PGNS (200 nm and 20 nm in scale

bar), (c) HRTEM image of PGNS with four layers and (d) monolayer

graphene (5 nm in scale bar), (e) layer-number distribution, (f) EELS and

(g) Raman spectrum of PGNS samples.

Fig. 3 SEM images and Raman spectra of PGNSs grown for 60 min at

different bias currents. (a) SEM images (200 nm in scale bar). (b) Raman

spectra of graphene sheets grown at 0, 10, 30 and 50 mA. (c) Change of

I2D/IG with bias current.
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clearer TEM image (Fig. 2b), which distinctly presents the sharp

edge with its few layers. Fig. 2c and d are HRTEM images,

clearly showing the details of a few-layer graphene nanosheet. In

Fig. 2c, the interference fringe of the graphene edge, indicated by

arrows, indicates that there are four layers in a nanosheet, and

the interlayer spacing is only 0.36 nm, larger than that of typical

bulk graphite (0.34 nm), implying a reduction of the van der

Waals interaction. Another HRTEM image, Fig. 2d shows

monolayer graphene. These TEM images all show with certainty

that the as-grown samples are few-layer graphene nano-

structures, guaranteeing the sharp edges needed for good field

emission ability. Summing up from abundant TEM images, we

achieved good distribution of the graphene nanosheet layers, as

shown in Fig. 2e. We find that the number of layers in an as-

grown graphene nanosheet is almost always fewer than ten, and

three- and four-layer nanosheets are the most common. Also,

about 8% have only one or two layers. The formation of these

nanosheets is heavily influenced by the etching effects of H+ in

the gas species, which limits the interminable growth of the

nanosheets in three-dimensional space. The electron energy loss

spectroscopy shown in Fig. 2f indicates that the bonding energy

is about 320 eV, corresponding to the C–C bond of graphene.

Fig. 2g shows the Raman spectrum of our PGNS. In addition to

typical D and G peaks, a symmetrical single 2D peak at around

2701 cm is observed, which stems from the second order of the

zone-boundary phonons and is closely related to the number of

layers in the graphene sheet. The 2D peak is more intense than
This journal is ª The Royal Society of Chemistry 2012
the G peak, indicating that the petaliform nanostructure is

indeed highly organized few-layer graphene. The D peak is

related to the disorders and defects of graphene,29 and the

intensity of the D peak relative to the G peak (ID/IG) reflects the

abundance of defects in this graphene.

The morphology of a PGNS has a very important influence on

its electron emission properties and practical field emission

applicability. During the CVD growth process, growth temper-

ature, bias current and growth time can all change the

morphologies of PGNSs. We prepared samples at different bias

levels and growth times while continuing to use an optimum

growth temperature of 1000 �C to observe the morphological

evolution of PGNSs and understand their growth process. Fig. 3

reveals the influence of the bias current on PGNS growth. In

particular, Fig. 3a presents various features of PGNSs at

different bias currents. Here, it can be observed that if there is no

bias current, the graphene nanosheets grow very sparsely and in

irregular orientations. But with a bias current of 10 mA, the

graphene nanosheets become well ordered along the electric field,

showing that the applied bias voltage is very favorable for the

vertical growth of graphene nanosheets. With increasing the bias

current, up to 50 mA, the size of graphene nanosheets decreases

obviously while these sheets are increasingly close-packed, which

markedly reduces the sharpness of the edges and is hence bad for

field emission. These morphological changes are closely related

to the structure and defects of the nanosheets. Fig. 3b shows the

corresponding Raman spectra of PGNSs grown at different bias

currents. It is apparent that ID/IG increases continually with the

increase of bias current, meaning that the bias current
Nanoscale, 2012, 4, 6383–6388 | 6385
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Fig. 5 Schematic diagram of vertical graphene nanosheets growing on

silicon nanocones. (a) Silicon nanocones are put into the mixed gas of H2

and CH4. (b) The growth species carbon atoms assemble into graphene

nanosheets on the substrate surface. (c) Local electric field promotes

graphene growth in two dimensional sheets along the direction of electric

field. (d) Some defects (CHy) are dislodged by H+ etching effects while the

growth species (CHx) are adsorbed for further growth.
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contributes to defect formation. The intensity ratio of the 2D

peak and G peak (I2D/IG) is commonly adopted to evaluate the

few-layer graphene; graphene with very few layers tends to have a

larger I2D/IG and is in conformity with graphene of quite few

layers. The change of I2D/IG with bias current is showed in

Fig. 3c. The highest I2D/IG (�1.35) is obtained at 10 mA, indi-

cating that this bias favors the growth of high-quality super-thin

graphene. Our last increase of the bias current leads to a signif-

icant decrease of I2D/IG, which is due to an increase of the defects

at this bias current, the the defects in turn induce the formation

of smaller and denser nanosheets.

Fig. 4 shows the evolution of PGNSs with growth time from 5

min to 60 min. In order to obtain high-quality super-thin gra-

phene with a proper density for field emission measurement, we

selected a bias current of 10 mA during growth. With increasing

the growth time, the size and density of these nanostructures vary

dramatically. As growth begins, the petals of PGNSs are very

small with a big interval from the silicon nanocone substrate, and

then PGNSs grow up slowly while the empty space in the array

between PGNS clusters decreases as time passes. After 30 min of

growth, a flourishing array of floral-clustered graphene nano-

sheets with proper spacing between the clusters has been formed.

After 60 min, as-grown graphene nanosheets submerge the

silicon nanocones to the degree that the location of cones is

obscured. The composite nanostructure degenerated to the case

that few-layer graphene is grown on the flat surface. Through

changing the growth time, we modulated both the PGNSs’

features and the amount of open space in the array between

PGNSs clusters, which is supposed to tune their field emission

properties and obtain excellent field electron emission.

The growth process of few-layer graphene on a silicon nano-

cone array in a HFCVD system is sketched in Fig. 5. This process

has two aspects: (1) the internal stress and external electric field

together induce warped and vertical growth of PGNSs, and (2)

both the defect-guided nucleation and H+ etching determine the

number of graphene layers. First, a mixed gas of H2 and CH4 was

brought into the system (Fig. 5a) and decomposed to growth

species (CHx
+) and hydrogen ions (H+). These growth species are
Fig. 4 SEM top-view images of PGNS/SNCAs grown for different

durations: (a) 5 min, (b) 10 min, (c) 30 min and (d) 60 min with 100 nm in

the scale bar.

6386 | Nanoscale, 2012, 4, 6383–6388
some active carbon atoms. At the beginning of the growth, the

carbon atoms of the growth species form graphene nanosheets on

the substrate surface (Fig. 5b). Additional growth species mole-

cules arrive and diffuse on the surface of the graphene nanosheets

and form covalent bonds at the edges of the graphene nano-

sheets.30–32 Due to the internal stress, the edges of the graphene

warp and stick up, which determines the growth trend of the

petaliform nanostructure. At this point, the external electric field

induces a local electric field perpendicular to the cone surface,

which promotes graphene growth in the two-dimensional sheets

along the direction of the electric field (Fig. 5c).32 Therefore, the

edges of the graphene sheets grow into an irregular ring, marked

with a dotted line in Fig. 5d. On the other hand, initial defects in

the graphene nanosheets come from a thin defective carbon layer

for nucleation that can be detected by the Raman spectrum with

a D peak and G peak after the duration of the growth. These

defects in the defective carbon layer grow by absorbing active

carbon atoms. The growth species (CHx) diffusing on flawed

graphene collide with each other continually. These collisions

increase the probability of defects capturing the diffusing mole-

cules. Therefore, the defects in graphene capture abundant

growth species building up the carbon nanosheets. Along with

this defect-guided nucleation and growth, the etching effect of

H+ is also important in the growth process of PGNSs. During the

growth, H+ etches the carbon defects (CHy) and restrains the

nucleation of carbon nanosheets (Fig. 5d). This effect restricts

the number of graphene layers. Therefore, the defect-guided

nucleation and the etching effect of H+ determine the number of

graphene piles, together.

The field emission properties of PGNS samples grown at a

temperature of 1000 �C and a bias current of 10 mA were tested

using a parallel-plate measurement configuration in a chamber

evacuated to 10�6 Pa at room temperature (see method). Fig. 6a

shows the emission current density (J) of PGNS/SNCAs, pure

silicon nanocones and PGNSs grown on a flat silicon wafer as a

function of the applied current (E). It is found that the turn-on

electric field (Eon, 2.6 V mm�1 at 10 mA cm�2) and threshold field
This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Field emission properties. (a) J–E curves and (b) the corre-

sponding ln(J/E2)–(1/E) curves of PGNS/SNCAs, PGNS/Si and pure

silicon nanocones; (c) field emission from PGNS/SNCAs without and

with Ag nanoparticles, and inset is the SEM image of a PGNS cluster

decorated by Ag nanoparticles (200 nm in the scale bar).

Fig. 7 Field emission properties of PGNSs: (a) J–E curves and (b)

ln(J/E2)–(1/E) curves of PGNSs grown for different times; (c) change of

turn-on electric field (10 mA cm�2), threshold field (1 mA cm�2) and b of

PGNSs with growth time; (d) stability of field emission current.
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(Eth, 5.8 V mm�1 at 1 mA cm�2) of the PGNS/SNCAs are

significantly lower than those of the as-grown PGNSs/Si (Eon,

4.5 V mm�1; Eth, 9.2 V mm�1), and pure SNCAs (Eon, 7.3 V mm�1,

Eth, 13.5 V mm�1). It is easy to understand that SNCAs coated by

PGNSs have an enhanced electron field emission due to the high

conductivity and abundant sharp edges of PGNSs, which

together increase both the field emission enhancement factor and

the number of effective emission sites. The superior field emission

of a PGNS/SNCA compared with PGNSs grown on the silicon

wafer is attributed to the conical nanostructures that optimize

the PGNS arrays’ density and serve as a matrix for the growth of

abundant sharp edges. Fig. 6b shows FN plots corresponding to

J–E curves, in which linear FN plots indicate typical field emis-

sion behavior.

In order to improve the field emission properties of PGNS/

SNCAs, we coated the PGNSs with discrete Ag nanoparticles, as

shown in the inset of Fig. 6c. From the J–E plots of field emission

in Fig. 6c, we can observe that the field emission from a coated

PGNS/SNCAs is significantly increased, and both its turn-on

electric field and its threshold field are lowered still further to

1.15 V and 3.76 V mm�1, which are a little better than the

reported superexcellent field emission properties of the carbon-

based nanostructure, such as well-aligned carbon nanotubes

(1.6 and 5 V mm�1),33 diamond nanorods (1.3 and 3.9 V mm�1)34

and single-layer graphene films (2.3 and 5.2 V mm�1).35 Discrete

Ag nanoparticles on the PGNSs are unavailable for electrons

tunnel through a surface potential–energy barrier during the field

emission process due to the similarity of silver’s work function

(�4.3 eV) and that of few-layer graphene edges (less than 4.7 eV),

and thus the change of the work function of graphene induced by

Ag nanoparticle introduction may be very little. However, during

applying an external electric field, the presence of Ag nano-

particles enhances local electric field distribution around the

sharp edges of PGNSs and introduces new field emission sites for
This journal is ª The Royal Society of Chemistry 2012
launching electrons, all of which enhances the structure’s capa-

bility for field emission. This enhancement effect induced by

metallic nanoparticles is also observed in the field emission from

carbon nanotube and graphene decorated by metallic

particles.36–38

In addition, the morphology of an emitter is a very important

factor influencing its electron emission ability because it is closely

related to the field enhancement factor (b). Larger bmeans larger

local electric fields at the emitter tips and is beneficial for electron

emission. The morphologies of PGNS/SNCAs can be modulated

by changing the growth time in the fixed substrate of the silicon

nanocone arrays, as given in Fig. 4, and their effects on the field

emission properties are shown in Fig. 7a. The sample grown for

30 min shows the best field emission properties, and either too

short (5 min) or long growth (60 min) time lowers the electron

emission ability of PGNS/SNCAs. The ln(J/E2)–(1/E) curves

shown in Fig. 7b also reveal the same tendency; their near-linear

plots indicate FN type field emission behavior. With the FN plot

slope and the reported work function of few-layer graphene

(4.7ev), b of the samples grown for different times can be

determined, as shown in Fig. 7c. We found that the sample grown

for 30 min has the highest b of�3788, and has the lowest turn-on

electric field and threshold field among all samples grown for

different times, indicating this morphology is optimal for field

electron emission. The sample grown for 5 min has a b (�1766)

similar to bare silicon nanocones due to its light coating of gra-

phene nanosheets. Enhanced growth time can modulate the

morphology of PGNS/SNCAs while b is also increased, but

excessive growth time (60 min) reduces b markedly because

closely packed nanosheets already entirely cover the cones, which

greatly hampers the nanocones’ enhancement of field emission

and gives rise to field screening, reducing electric field localiza-

tion. The observed effects of morphology on a PGNS/SNCA’s

field emission suggest that the presence of silicon nanocones is

not only a critical factor in tuning field emission, but the nano-

sheets’ edge density and the clusters’ spacing also play important

roles. It is now clear that the excellent field emission properties of

PGNS/SNCAs should be attributed to (1) the increased number
Nanoscale, 2012, 4, 6383–6388 | 6387
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of effective emission sites at the abundant sharp edges of gra-

phene nanosheets, (2) the higher aspect ratio of the Si nanocone

substrate for high b, and (3) optimal spacing between clusters,

which reduces the field screening effect.

In particular, we tested the stability of PGNS/SNCAs’ field

emission current around�2.0 mA cm�2 for over 2 h, as shown in

Fig. 7d. It is found that at the beginning the current density falls

off obviously, and then gradually declines to �1.85 mA cm�2

after about 30 min. With the emission process proceeding, the

emission current gradually becomes stable. The whole test period

of over two hours showed current degradation of �7%, which is

due to Joule heating from graphene nanosheet emitter which

reduces the number of emission sites. These stable and

outstanding field emission properties of PGNS/SNCAs, with a

lower turn-on and threshold field, are very favorable for practical

field emission applications.
Conclusions

We report a new graphene emitter–petaloid graphene nanosheet

clusters grown on an array of silicon nanocones, showing a low

turn-on field (1.15 V mm�1) with a rapid increase in emission

current density. This great enhancement of field emission prop-

erties is attributed to two factors: (1) the growth on a nanocone

array template enhances the sharp edges effect of graphene

nanosheets, which in turn increases the local field enhancement

factor, and (2) the design of the nanocone array optimizes the

array density of these clusters of sharp edges, reducing the field

screening effect. In addition, we found that separate Ag-nano-

particles decorated on the edges of the graphene can further

increase the structure’s electron emission ability due to the

particles’ local field enhancement. These results demonstrate that

the as-designed floral-clustered graphene nanosheet emitter is an

excellent cold electron emission source. Such clusters of petaloid

graphene nanosheets may open up a new and interesting subject

for basic physics as well as providing a design component for

novel applications in areas such as nanolithography, vacuum

electronics, and electron optic devices.
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