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Abstract: Field emission electron sources in vacuum electronics are largely considered to achieve
faster response, higher efficiency and lower energy consumption in comparison with conventional
thermionic emitters. Carbon nanotubes had a leading role in renewing attention to field emission
technologies in the early 1990s, due to their exceptional electron emitting properties enabled by their
large aspect ratio, high electrical conductivity, and thermal and chemical stability. In the last decade,
the search for improved emitters has been extended to several carbon nanostructures, comprising
carbon nanotubes, either individual or films, diamond structures, graphitic materials, graphene, etc.
Here, we review the main results in the development of carbon-based field emitters.
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1. Introduction

Several technological applications need controlled electron sources, examples are X-ray sources [1],
flat panel displays [2,3], electron microscopy/lithography [4], and microwave vacuum electronic
devices [5]. One of the most common techniques for generating an electron beam is to emit electrons
from metals by thermionic effect, in which a metallic emitter is heated at temperatures typically
above 1000 ◦C so that electrons in the conduction band gain enough energy to overcome the work
function of the emitter. However, the main drawbacks of thermionic emission are the high energy
consumption, the wide energy spectrum of the emitted electrons and the material degradation caused
by the high operating temperature. A different approach is that of the “cold cathodes”, which operate at
room temperature. Electrons are extracted from the surface of a metal or a semiconductor by an electric
field (field emission, FE) through quantum mechanical tunneling. This process, which typically
requires a high electric field (107–108 V/cm) [6], creates high current density with thinner energy
distribution of the emitted electrons [7,8]. Moreover, cold cathodes provide very stable emission over
time, and can be easily and advantageously miniaturized.

In this review, we focus on the field emission properties of various carbon nanostructures.
In particular, after a brief introduction to the field emission phenomenon, we examine the different
experimental setups used for FE characterization as well as the technology in which FE has been
traditionally exploited. We turn then to the different carbon allotropes, and we review the main results
concerning field emission from carbon nanotube (CNT) films, individual CNTs, diamond and related
structures, and finally graphene.

Field Emission

In order to escape from a metal surface, electrons need sufficient energy to overcome the potential
barrier at the metal-vacuum interface, i.e., the potential difference between the Fermi level of the metal
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and the vacuum. Such energy is known as the metal work-function and denoted by φ in the following.
It is a material property and has a crucial role in its electron emission capability. Figure 1 shows the
effective potential on an electron at a distance x from the emitting surface when an electric field E
is applied perpendicularly to the surface. The applied electric field E modifies the potential barrier
that becomes thinner (triangular) and the effective barrier height is lowered. Typically, appreciable
tunneling is expected for an applied electric field above 3 × 107 V/cm [9]. The width of the tunneling
barrier ranges from 4.5 nm at 3 × 107 V/cm to 0.5 nm at 3 × 108 V/cm for a metal surface having
a φ ≈ 4.5 eV.

Figure 1. (a) Potential energy of the electron as function of the distance x from the metal-vacuum interface.
The barrier for electron field emission is thinned and lowered by the electric field and the image force,
which add to φ the position-dependent terms −eEx and −e2/4x, respectively. Experimental setup for
field emission measurements in the (b) parallel plate and (c) tip configuration for average and local
characterization, respectively.

From a theoretical viewpoint, the FE is described by the Fowler-Nordheim (F-N) theory [10]
based on a simplified one-dimensional free electron model and Wentzel-Kramers-Brillouin (WKB)
approximation to calculate tunneling probability for a planar metallic emitter [11]. According to
this model, the FE current density J at 0 K depends on the local electric field Elocal and on the work
function φ as

J = a
E2

local
φ

·exp

(
−b

φ3/2

Elocal

)
(1)

where a = 1.54 × 10−6 A V−2 eV and b = 6.83 × 107 cm−1 V eV−3/2 are constants. The macroscopic
electric field E and the local field are related by the field enhancement factor β as Elocal = β·E, to take
into account the emitter geometry, when the emitter is not flat. For flat surfaces, impractically high
macroscopic fields of the order of several kV/µm must be applied in order to switch on emitted
density current of the order of few mA/cm2. On the other hand, tip-shaping of the emitter can result
in a high enhancement factor, that is a high local electric field, and trigger field emission under a very
low macroscopic field. From Equation (1), the FE is favored for materials with low work function.
Although the F-N model has been developed for emission under a uniform macroscopic electric field,
typical of the parallel plate setup of Figure 1b, it has been demonstrated that it can be satisfactorily
applied to more complex geometries, where a non-uniform electric field is generated for example
by a tip-shaped anode, as shown in Figure 1c [12,13]. In a more advanced approach, corrections
are necessary to consider non-uniform field enhancement factor or work-functions, curved surfaces,
non-zero temperature, series resistance, etc. [14,15]. Forbes et al. [16,17] proposed a more accurate
model to deal with metallic nanowire large-area field emitters, but the corrections introduced therein do
not seem very relevant in the case of carbon nanotubes [18]. More rigorous approaches have been also
reported in order to consider either the atomic geometry or electronic structure of the emitters [19–22],
including first-principles calculations [23,24]. However, the original F-N formulation is still widely
applied by the scientific community to analyze experimental data with good approximation and gain
an initial insight into the emission phenomena from new emitters. Examples are recent studies on FE
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from nanowires (GaN [25], ZnO [26], GaAs [27]), nanoparticles (In2O3 [28], GeSn [29], InP [30]), CNT
structures [31–36], two-dimensional materials (graphene [37–39], MoS2 [40,41]), etc.

Moreover, the comparison between one-dimensional and three-dimensional models for source
structures [42] has also confirmed that no relevant differences are expected in describing the field
emission characteristics.

2. Field Emission from Carbon Nanostructures

2.1. Field Emission Technology Development

Due to the exponential dependence of the emitted current on the local electric field as well as
on the work function (see Equation (1)), small variations of the chemical state of the surface or of the
shape of the emitters strongly influence the emission properties. Since the early sixties, a huge effort
has been focused on reducing the applied electric field/voltage necessary to enable electron emission.
This has been carried out by sharpening the emitter surface thereby profiting from the enhanced
field factor at the tip apices. On the other hand, reducing the curvature radius of an emitter apex
to obtain higher β, also corresponds to a reduction in the effective emitting area, which limits the
maximum current emitted from a single structure. For instance, the current from a single tip can
rarely exceed 10−4 A (despite high current density being easily obtained). This implies that emitters
with a very small curvature radius are suitable when a narrow-spectrum rather than a high-current
electron source is required, such as in high-resolution scanning electron microscopy. At the same time,
materials for FE should have high electronic conductivity, high melting points, chemical inertness,
and mechanical stiffness.

Mature technology was achieved before the nineties with the development of micro-gated
field-emission arrays (FEAs) called Spindt emitters [43], in which large arrays are created by
micro-fabrication technology employed in the electronics industry (Figure 2) to be employed for
flat panel displays [44,45].

Figure 2. Schematic of Spindt-type emitters.

FEAs are typically fabricated by means of a lithographic process to realize an ordered
two-dimensional arrangement of individual molybdenum micrometric conical emitters, in gated
configuration, on a Si-substrate. Typically, molybdenum is the material of choice because of its good
thermal, mechanical and electrical properties, having φ = 4.6 eV, low resistivity and a high melting
point, which allows high currents. The main drawbacks of such a technology are related to the
complex and expensive fabrication process, the critical lifetime in vacuum, and the still relatively high
operating voltages.
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2.2. Carbon Allotropes

In 1991 a great breakthrough in the field of carbon science and technology occurred with
the discovery of one-dimensional allotrope of carbon, the so-called carbon nanotubes (CNTs)
by Iijima et al. [46]. Nowadays, known carbon allotropes (Figure 3) are diamond, graphite, graphene,
fullerene and amorphous carbon. A CNT is a cylinder obtained by rolling up graphene sheets; a single
walled nanotube (SWNT) is obtained by a single graphene layer forming a cylinder with a diameter of
about 1 nm and length up to few mm [47,48]; a multi-walled nanotube (MWNT) is a set of concentric
cylinders with a total diameter up to 100 nm and a length of tens of microns. CNTs properties are
strongly dependent on atomic arrangement, diameter and length.

Figure 3. Carbon allotropes: Graphite (3D), Graphene (2D), CNT (1D), Fullerene (0D) and Diamond (3D).

CNTs are being widely studied because of their unique structure and extraordinary properties.
The mechanical properties and chemical inertness, associated with structure dependent electronic
properties and high aspect ratio make CNTs suitable for several innovative technologies. CNTs have
already been applied as field-effect transistors [49–51], memory devices [52], nano-tip for atomic
force microscopy [53], hydrogen storage system [54,55], active electrode in supercapacitors [56–58],
transparent conductive thin films [59,60], power transmission lines with high current-carrying capacity
up to 105 A/cm2 [61], etc.

The application of CNTs as electron field emitters has been widely investigated ever since it
was firstly demonstrated in 1995 [62,63]. Indeed, the above recalled properties [64,65] make CNTs
excellent emitters, suitable for many applications such as high-resolution electron microscopes as well
as electron beam lithography [66,67], X-ray tubes [68,69], and flat panel displays [70,71].

A detailed review of the CNT properties and synthesis methods is out of the scope of this review
and this can be found in [72,73].

The high aspect ratio of CNTs is responsible for an extremely large field enhancement factor
and provokes very high local electric field intensities around the nanotube apices. Moreover, even
in the case of damaging due to arc discharge, the field enhancement factor typically does not result
in much modification. The CNT emitters usually maintain high aspect ratios even after arcing or
ion bombardment cuts, differently from Spindt-type emitters, for which important flattening occurs
at the tips.

2.3. Field Enhancement Factor, β

The field enhancement factor represents a key figure for characterizing the field
emitter performance. Typical experimental procedures to get an estimation of β rely on the analysis
of the current-voltage characteristics (I–V) by means of the F-N theory. From Equation (1), a linear
dependence is expected for the so-called F-N plot, in which ln

(
I/V2) is reported as a function of 1/V,

with the macroscopic electric field far from the nanotube given by the applied voltage V divided by
the anode-cathode distance, E = V/d. Accordingly, β can be obtained from the slope m of the linear
dependence, being m = b·φ3/2·d/β.

Several models have been proposed to study the dependence of β on nanotube geometrical
properties, i.e., length l and radius r. The intrinsic field-enhancement factor of a single CNT in the
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planar diode configuration can be written [74] as β = 1.2·
(

2.5 + l
r

)0.9
. Typical β values in the range of

3 × 104 to 5 × 104 can be obtained in individual CNTs. Vice versa, when dealing with CNT films typical
values are in the range of 1 × 103 to 3 × 103 [75]. A calculation of the field enhancement factor in the
vicinity of a CNT apex has been also reported by Smith et al. [76], studying the dependence of β on the
lateral separation between CNTs, anode-substrate separation d, and on the geometrical parameters
(height h and radius r) of the CNTs. They showed that emitted current, calculated in the framework
of F-N theory, is reduced if the nanotubes are separated from each other less than twice their height.
It has also been shown that when the inter-tube distance (s) becomes s < h, the field enhancement
factor decreases rapidly for reducing s. The current emission is optimized when inter-tube distance is
comparable to h [77].

Moreover, the anode-cathode distance is relevant as well if it is shorter than 3h. In particular
they predicted that the turn-on field, which is the minimum field required to initiate FE, decreases for
decreasing cathode-anode distance; however, for distance larger than 3h, the turn-on field results are
constant and independent from the geometry of the electrodes. Wang et al. [78] used a simple model of
a floated sphere inside a standard parallel plate configuration to take into account the anode-cathode
separation, and showed that β = (h/r + 3.5)+A(h/d)3, A being a constant. This implies that turn-on
field or voltage can be reduced by decreasing the anode-cathode distance.

2.4. Emission from CNT Films

Field emission devices based on CNTs can deal either with individual CNTs (working as a point
electron emitter) or with CNT ensembles realizing (quasi) planar emission cathodes by producing CNT
films, patterned arrays, buckypapers, etc. Point emitters are mostly suitable for focused emission in
high-resolution applications, while planar cathodes are the preferred choice for devices working with
large emission current (for instance, X-ray sources or flat panel displays). Consequently, a large number
of experimental and theoretical studies have been devoted to the characterization of CNT films.

FE from CNT films is reviewed in this section, while the next section is dedicated to emission
from individual CNTs.

In 1995, the seminal paper by De Heer et al. [63] demonstrated the fabrication of a continuous
nanotube film emitter by using a nanopore alumina filter to draw MWCNTs in a colloidal suspension
and transferring the obtained film on a teflon coated metal surface [79]. They demonstrated field
emission from MWCNTs with current densities as high as 100 mA/cm2. Alternatively, suspension
can be sprayed on heated substrate [80] to obtain a CNT film. A different approach to obtaining
CNT films is to disperse CNTs in a non-conducting epoxy [81]. Other methods reported for the
fabrication of CNT film include electrophoresis [82], vacuum filtration [59] and screen-printing [83].
Patterned CNT films can be obtained using post deposition techniques [70,84,85] or direct growth by
chemical vapor deposition on catalyst patterns. Actually, field emission properties have been reported
to be excellent for almost all types of nanotubes, with threshold fields as low as 1 V/µm, recording
current densities up to a few A/cm2 for applied fields below 10 V/µm. A relevant parameter when
dealing with films is the emitter density; although CNT density is typically ∼ 108 cm−2, the number of
effective emitters for randomly oriented films is generally lower, from ∼ 103 emitters/cm2 [79,86–88]
to ∼ 107 emitters/cm2 [89]. In order to provide FE performances comparable to conventional
molybdenum (Mo) field emitters in realizing flat panel display, CNT films need to have high
uniformity with a density of emitters ∼ 106 emitters/cm2 and a current density capability exceeding
80 µA/cm2 [90].

The use of Chemical Vapor Deposition (CVD) techniques to directly grow CNT films on a given
substrate is widely applied due to the easy production scalability, for either randomly or vertically
aligned tubes. For randomly oriented films, the FE properties are similar to coated CNT films. The main
purpose of CNT films is represented by their application as large area electron sources as well as field
emission displays [91,92]. On the other hand, patterned films can be obtained by means of lithographic
techniques to opportunely shape the catalyst deposition. The further advantage of patterning consists
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of the opportunity to further reduce pixel size (typically an intrinsic limitation when producing large
area sources with un-patterned films). Consequently, films of vertically aligned CNTs have the largest
potential for technological applications due to relatively easy production and their high emission
capability [93–95]. Since the nineties, a wide variety of CNT films, vertically or randomly oriented,
different for density, substrate, single- or multi-walled tubes, have been deeply investigated as field
emission devices [96–98]. Unfortunately, the extreme inhomogeneity arising from the composition and
morphology of CNT films, even on small areas, caused a wide variation in the reported experimental
data regarding the basic characterization parameters, such as the field enhancement factor, and the
turn-on field. Indeed, it has been shown that when characterizing large emitting areas by parallel
plate technique, emission from a CNT film typically happens from isolated spots [90], i.e., the emission
phenomenon is mostly due to a limited subset of emitters.

Therefore, in order to obtain accurate analysis of FE performance from CNT films, it is essential to
characterize emitting areas as small as possible. It has been proposed that FE experiments on vertically
aligned MWCNTs (Figure 4) could be performed by scanning probe microscopy (STM/AFM), with the
probe working as an anode [12,32]. This technique enables accurate characterization of the local
field emission behavior, with only a limited number of emitters contributing to the total current.
Indeed, the high spatial resolution provided by the piezo-driven positioner used for STM/AFM
microscopy technique allows precise control of the tip-sample separation in the submicron region. By
taking into account the small curvature radius (below 50 nm) of the probe tip, it has been estimated
that the emitted current comes only from a limited circular area, of radius r ∼ d when working
at separation distances of the order of 1 µm [12]. Moreover, for a correct analysis of the FE I–V
characteristics, it is necessary to introduce a further amplification factor, the tip correction factor
ke f f , due to the tip shaped anode. Accordingly, the slope m of the F-N plot, ln

(
I

V2

)
vs. 1/V, can be

reasonably approximated as m = ke f f ·b·φ3/2·d/β. An example of I–V characteristics measured using
a Pt–Ti coated cantilever probe as anode and fixing a cathode-anode separation of 1 µm and a pressure
of 2 × 10−8 mbar is shown in Figure 4. Electrical conditioning is obtained during the first sweep and
it has been explained in terms of a few protruding longer tubes (degraded/destroyed by raising the
current density during the first sweep) and/or the effect of desorption of adsorbates. Moreover, it has
been demonstrated that the limited area of emission favors very stable FE current, with fluctuations
below 10% for more than 72 h also at intensities as high as 10−8–10−5 A.

Figure 4. (a) SEM image (lateral view) of vertically aligned MWCNTs, grown by catalytic chemical
vapor deposition on a silicon substrate with Ni catalyst. (b) Scanning Probe Microscopy imaging of
1 µm × 1 µm area of the film surface. Lower plot corresponds to the profile of solid line represented on
the image. (c) Field emission current versus voltage measured at 1 µm cathode–anode separation and
pressure of 2 × 10−8 mbar. After a first sweep from 0 to 200 V the I–V characteristic remains stable for
successive sweeps. Adapted with permission from [32], Copyright Elsevier, 2009.

Understanding the physical mechanisms responsible for the emission stability from CNT cathodes,
has been widely investigated [99–102], identifying as key factors either the presence of residual gases
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and the resistive heating of emitters and the mechanical actions due to high electric fields. Both resistive
heating and mechanical actions are related to high fields and high currents and they can be consequently
reduced by properly realizing the operational conditions of the FE device. On the contrary, controlling
the effects due to a degraded vacuum level, i.e., due to the presence of residual gases, is a much more
complicated task. Indeed, residual gases are first of all always present in sealed vacuum devices.
Control of the vacuum level between anode and cathode is a crucial parameter, because a degraded
vacuum can provoke ionization of the residual gas by the emitted electrons as well as poisoning of
the emitting surface, reducing the overall field emission performance. Small variations in the electric
field and the work-function may have large effects on the fluctuations of the emitted current due to
the exponential behavior of FE. Absorbates on the emitter apex can cause slight modifications of the
work-function or of the cap geometry, creating large variations in the emitted current. Such fluctuations
disappear almost completely when operating at higher currents. The presence of noble gases as well as
H2 usually provokes an increase in the current fluctuations, but the emission stability can be restored
by pumping down the vacuum level. For instance, no degradation was reported on single nanotubes
after exposure to Ar and H2. On the other hand, exposure to oxygen and water causes an irreversible
decrease of the emitted current, probably due to reactive sputter etching [103]. A vacuum level of the
order of 10−9 mbar is suitable for an emission stability of a few percent. Higher pressure also allows FE
but with reduced stability. In such a case, it would be useful to reduce the partial pressure of oxygen
and water.

Because field emission is strongly influenced by the surface condition of the emitters,
it is important to prepare clean emitter surfaces, in order to lower the current fluctuations.
Further improvements can be achieved by introducing a ballast resistance in series with the extraction
voltage [104]. Kita et al. [105] have investigated the stabilization of the FE current by using a ballast
resistance in the range from 1 to 1500 MΩ at an emission current of 1 to 100 µA. They demonstrated
excellent stability where the ratio (∆I/I) of the current fluctuation with respect the absolute current
was as small as 0.0018, using 10 MΩ ballast resistance on an average current of about 80 µA.

A different approach to use CNTs in realizing an effective emission cathode (for a flat-panel lighting
device) with stable FE as well as low current fluctuations, examines the possibility of properly dispersing
CNTs uniformly in a liquid media, thus favoring an extremely homogeneous deposition process.
Shimoi et al. [106] successfully produced field emission lighting elements (based on single-walled
nanotubes) showing stable electron emission, good luminance, and low power consumption. They chose
a low viscosity solvent containing highly crystalline single-walled nanotubes dispersed in a tin-doped
indium oxide (ITO) precursor solution (conductive matrix). Also, a non-ionic surfactant was used to
favor the dispersion of CNTs. The field emission cathode was obtained by sputtering ITO coating film
with single-walled CNTs on glass substrate. Protrusions of the CNTs was obtained by manual scratching.
The FE characterization evidenced high electron emission homogeneity, high brightness efficiency
(over 70 lm/W) and long emission life-time (estimated above 5000 h).

Current-fluctuation mechanisms of field emitters using metallic single-walled carbon nanotubes
with high crystallinity have also been recently discussed [107]. This study is related to the possibility
of using field emitters as a cathode electrode in a cathodoluminescence device. The main drawback is
due to the use of field emitters that radiate rays whose intensity fluctuates at low frequency, due to
FE current fluctuation. Consequently, an important task is having a stable FE output. The authors
succeeded in realizing and characterizing cathodoluminescence devices with homogeneous dispersion
of metallic single-walled CNTs with high crystallinity. They also developed a theoretical model to
study the power spectrum of the current fluctuation considering an inelastic-electron-tunneling model
with a Wentzel–Kramers–Brillouin approximation.

2.5. Emission from Individual Nanotubes

The characterization of field emission properties of a single CNT is very important.
Typically, electron sources are realized with several emitters and their performances are the result
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of statistical averaging. To fully understand the physical mechanisms of electron emission, several
studies have been devoted to quantifying the performance of a single CNT as an emitter [13,108–111].
The experiments on individual tubes allows a more accurate characterization of work function,
turn-on voltages, current densities, and field enhancement factor as well as monitoring structural
modifications [112] and failure mechanisms [102]. Consequently, measurements on individual tubes
provide valuable information towards a fundamental understanding of the emission mechanism.
Typically, multi-walled CNTs are employed for higher conductance and robustness. The importance of
studying the FE behavior of individual tubes is also strictly related to their technological applicability
as nano-sized electron sources in high resolution e-beam techniques [113].

I–V characterization of the FE properties of individual multi-walled CNT has often been
performed operating with a large cathode-anode separation (several millimeters) to overcome the
uncertainty on the cathode-anode separation as well as to obtain a configuration in which the field
enhancement factor is only slightly sensitive to the distance. On the other hand, relevant FE applications
typically deal with cathode-anode separation below 15 µm to obtain higher fields with lower voltages.
At such a distances, the main FE parameters, the field enhancement factor and the turn-on voltage,
are very sensitive to distance variations [114]. Field emission properties of a single CNT have been
characterized by several groups, reporting emitted currents as high as several tens of microamperes,
implementing different measurement setups. A summary of more relevant results available in
the literature are collected in Table 1, listing the different parameters, such as CNT dimensions,
anode-cathode separation distance, and the extracted FE parameters.

Table 1. Field emission characterization of individual multi-walled CNTs for (CNT apex-anode)
distances below 100 µm. Geometrical parameters of the CNT (length and radius), setup configuration
being parallel-plate (P-P) or tip-shaped (TIP), field enhancement factor β and turn-on voltage or field
are also listed.

CNT Length
(µm)

CNT Radius
(nm)

CNT Apex-Anode
Distance (µm) Setup β

Turn-on Voltage (V)
or Field (V/µm) Ref.

3.2 17 0.06–5 TIP 230–460 47–185 V [115]
5.83 24 10 TIP 208 270 V [116]
0.5 15–20 10–50 TIP 500–750 60–260 V [117]
1.5 20 20 P-P 200–500 150–400 V [118]
3.9 15.8 0.40 P-P 300 100 V [109]
8 40 1–60 TIP 100–800 40–5 V/µm [108]

1.3 50 0.29 P-P 140 90 V [119]
2.1 30 1.4–13.5 P-P 100–700 50–70 V [120]
5 30 0.8 TIP 110 30 V/µm [13]

Bonard et al. [115] reported the FE characteristics for individual multi-walled CNT inside a SEM
by using a sharp anode for precise measurements in a range of cathode-anode distance from 0.06
to 5 µm. They reported a dependence of the field enhancement factor (up to 460) on such distance in
agreement with the Edgcombe and Valdre model [74]. The lowest turn-on voltage was estimated 47 V.
Their results also confirmed that only CNTs with the highest field enhancement factor contribute to
the emitted current when performing large area measurements.

The electrical properties of individual multi-walled carbon nanotubes grown by plasma enhanced
CVD has been also reported [116]. The I–V characteristics have been measured by means of scanning
anode field emission system on a vertical array of CNTs separated by 25 µm spacing (allowing
to probe the emission from individual tubes). It has been found that field enhancement factor is
strongly dependent on the geometry (height/radius) of CNT. To avoid the effects of adsorbates, current
annealing (in the micro-ampere range) was performed to favor evaporation of adsorbates/residuals
from emitter surface. The experimental data correctly followed F-N theory allowing to extract a field
enhancement factor of 208 for 10 µm anode-cathode separation.
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Minh et al. [117] developed a selective growth method to realize individual CNTs (using
a hot-filament CVD technique with a mixture of C2H2 and H2 gases under a negative substrate
biasing) on silicon micro-fabricated tips of about 20 nm diameter. A micro-controlled probe (curvature
radius of about 10 µm) was used to perform the FE characterization in a vacuum chamber at a base
pressure of 1.7 × 10−4 Pa. The poor vacuum level was recognized as the responsible of current
instability. I–V characteristics were measured for a cathode-anode separation from 10 to 50 µm,
reporting a turn-on voltage in the range 60–260 V.

She et al. [118] studied the FE properties of individual CNTs grown on silicon tips.
The experimental setup, in a SEM chamber with a tungsten probe-tip as anode, allowed precise
measurements of CNT morphology as well as geometry of the FE device before and after the events of
vacuum breakdown. They recorded un upper limit in emission current density of 103 A/m2. From the
comparison of two CNTs of similar length (~1.5 µm) and different diameter (3 nm and 40 nm) they
also demonstrated that the vacuum breakdown of the CNTs results in melting of the Si tip.

Interestingly, a study of the field emission properties for individual multi-walled CNTs has
been performed inside a transmission electron microscope [119], analyzing the effect of different
vacuum levels as well as of contamination conditions. The experimental set up allowed three
different geometries for the CNT cathode: a side emission geometry (reporting no emission current);
a circular CNT for which only small current (below 5 µA) was recorded; and end-emission geometry
(i.e., standard emission from the CNT apex) that resulted in the most favorable configuration for FE.
From I–V measurements at a cathode-anode distance of 0.29 µm a field enhancement factor of 140 and
a turn-on voltage of about 90 V were reported.

Hii et al. [120] focused on the characterization of field emission from individual CNTs,
for cathode-anode separation distances below 15 µm. A wide ranging, systematic study was performed
by measuring current-voltage characteristics for several distances in the range 1.4–13.5 µm. From the
analysis of experimental data in the framework of F-N theory, it was shown that turn-on voltage
as a function of the separation distance d followed an empirical power relation ∼ adb(with a and
b constants), while the field amplification factor followed the relation ~d/(d + h), where h is the
CNT height.

2.6. Field Emission from Diamond and Related Structures

Despite their insulating properties and the expensive cost of both natural and high-pressure
synthesis, diamond structures have been identified, since the 1990s, as ideal coating materials for
field emission devices due to their negative surface electron affinity, high thermal conductivity and
chemical inertness [121–123]. Currently both carbon diamond films (CDF), grown by chemical vapor
deposition, or diamond-like carbon films (DLC), produced by ion-beam sputtering deposition of
carbon ions, are in use [124]. CDFs can grow on substrates heated at high temperature as poly or single
crystalline diamonds with a relatively high surface roughness. Conversely, DLCs have reduced surface
roughness and can be obtained on substrates at low temperatures, but generally are characterized by
poor thermal stability. Growth conditions have been found to be an important parameter for the field
emission properties of these materials, with varying experimental results [125]. Indeed, an extensive
experimental study [126] has reported the comparison of FE data obtained on microcrystalline diamond
films deposited by hot-filament CVD method and undoped DLC films deposited using radio-frequency
CVD technique, showing that surface morphology and emission properties critically depends on the
fabrication technique. When imperfect fine-grained diamond films (with the relative high presence of
sp2 carbon phase) are examined, the field emission properties are clearly enhanced (with turn-on fields
of about 50 V/µm) with respect to the case of high quality coarse-grained diamond films (characterized
by a large amount of the sp3 phase and a turn-on field of about 140 V/µm). To explain the mechanism
of field emission from CVD diamond films, various models have been reported, focusing principally
on the negative surface electron affinity [127], on the presence of grain boundaries [128,129], or on the
presence of small protuberances [129,130]. The electron affinity (i.e., the energy difference between the
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vacuum level and the conduction band minimum in a semiconductor) is typically few eV (positive
electron affinity) and it represents the potential barriers that an electron (raised from the valence
band to the minimum of conduction band by an excitation) encounters to leave the sample towards
the vacuum. On the other hand, in the case of negative electron affinity, the electron at the bottom of
the conduction band is free to leave the surface of the material. It has been suggested [67] that negative
electron affinity alone cannot completely explain the electron emission from diamond and DLC films.
It is now accepted that a pure diamond surface has a small positive electron affinity (~+0.38 eV) [131]
that can become negative in the presence of defects or hydrogen terminations. A schematic of the
energy band diagram for a clean diamond surface (with positive electron affinity) and for hydrogenated
diamond surface (with negative electron affinity) is shown in Figure 5.

Figure 5. (a) Schematic of the energy band diagram for a clean diamond surface with a positive
electron affinity. (b) Schematic of the energy band diagram of a hydrogenated diamond surface with
negative electron affinity. (c) Possible atomic arrangement of dipole layer on the hydrogenated diamond
surface. The mentioned “surfaces” refer to the single crystalline type IIb diamond. Image reproduced
with permission from [67], Copyright Elsevier, 2005.

Low field emission from DLC films has been the subject of several theoretical studies, considering
the role of hot electron injection [132], dielectric breakdown [133], tunneling [134], tip emission [135],
and defects [136]. It has been shown that low field emission is systematically measured when
carbon materials have sp2 bonds. Graphitic phases, often present in CVD diamond films [137] and
in diamond/sp2-bonded carbon nanocomposites [138], are a crucial ingredient for field emission.
Karabutov et al. [139] analyzed the FE properties for different diamond/sp2-bonded carbon
nanostructures including CVD diamond films. Threshold fields as low as 1 to 3 V/µm have been
found for samples having large amount of sp2-bonded carbon phase. On the contrary, poor emission is
obtained for the dominant diamond phase.

Importantly, it has also been demonstrated that the threshold field can be reduced when growing
CVD diamond with several structural defects [140]. Correlation between the threshold field and the
width of the diamond Raman peak (used to quantify the defect density) was reported and explained
considering that the various types of defects in the diamond structure can create additional energy
bands within the diamond band gap, contributing to FE at low fields.

Doped diamonds have been also widely investigated [134,141]. By comparing B-, Li-, P-,
and N-doped diamonds and different treatments it has been demonstrated that one of the lowest
reported field ∼0.2 V/µm, can be obtained for N-doped diamond samples after a complex surface
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treatment with O2 plasma, coated with Cs, heated, and exposed to O2. The FE improvement has been
explained by taking into account that the diamond surface is oxygen terminated, due to the action
of O2 plasma, and consequently reacts with Cs to form an oxygen-stable diamond–O–Cs surface,
which lowers the work function of diamond.

It has been recognized that diamond-based electron emitters with negative electron affinity are
suitable for the realization of vacuum power switches [142]. High current density and uniformity
represent the most relevant feature of the switch, and many conventional field emitters are not
suitable for such a purpose. On the contrary, hydrogen-terminated diamond is the best material
to be exploited due to its negative electron affinity [143–146]. Experiments of total photoelectron
yield spectroscopy [142] have clearly demonstrated that PN and PIN junctions are an effective
method of using negative electron affinity for emitting devices [143,147]. Moreover, Kono and
Koizumi have demonstrated that electron emission from {111} PN junction diodes can be realized,
obtaining negative electron affinity through surface hydrogen-termination [148]. They also achieved
high electron emission efficiency (close to 10%) and 1 µA emission current. Takeuchi et al. [142]
fabricated a diamond {111} P-I-N diode with an N+ top layer and thick high-quality (insulating) I-layer.
Field emission experiments were performed using a W-needle as an anode (curvature radius of 25 µm)
placed 100 µm above the diode. Field emission was not observed before the hydrogenation process;
such a result demonstrated that electron emission was a result of the negative electron affinity of
the diamond surface. Accordingly, a 10 kV vacuum power switch using diamond P-I-N electron
emitter has been developed and characterized [142] as showing a breakthrough power transmission
efficiency of 73% at 9.8 kV during operation at room temperature. Such a result was explained as
a combination of the negative electron affinity of the diamond surface, and a high level of electron
injection with a hopping conduction-type in the N+ layer. Importantly, these findings open a path for
the development of vacuum power switches operating at 100 kV with an efficiency beyond 99.9%.

2.7. Emission from Graphene and Graphitic Materials

The most stable allotrope of carbon is three-dimensional graphite, known since 1789, although
until 2004 it was impossible to isolate a single graphite layer. Then, Novoselov and Geim [149]
succeeded in producing a monolayer graphene by mechanical exfoliation from highly ordered
pyrolytic graphite. Graphene is the natural building block of any graphitic material. Since its discovery
it has been exploited for back-gated field effect transistors [149–152], hybrid photodiode [153,154],
and several other nano-electronics applications [155,156].

Several studies on graphene films demonstrated that the FE from graphene edges or pleats occurs
at low applied fields [157–159]. A graphene layer exfoliated or directly grown on a substrate is not the
most suitable for FE, because the planar geometry suppresses field enhancement [160]. Despite this,
Santandrea et al. [38] demonstrated that emitted current up to 1 µA can occur from the flat part of
graphene flakes, likely favored by graphene wrinkles, under applied fields of ∼600 V/µm and with
significant stability over a period of several hours.

Field emission from graphene is challenging because the deposition methods typically lead to
sheets that lay flat on the substrate surface, which limits the field enhancement.

Wet transferred suspended graphene fabricated on interdigitated electrodes [161] has been
demonstrated as a high-quality emitter. It has been shown that the suspended graphene has better
emission properties (from the whole surface) compared to the graphene commonly exfoliated on flat
substrates. However, fields as high as 170 V/µm are necessary to extract electrons from the graphene
layer and to fully exploit the FE capabilities of graphene it is convenient to arrange graphene flakes
perpendicular to the substrate to favor the emission from the sharp edges. It has been reported [162]
that dispersion of graphene in polystyrene and successive deposition of composite allow graphene
sheets to be somewhat aligned. In particular, it has been demonstrated that the orientation of graphene
sheets can be modified from randomly oriented to laterally oriented by tuning the spin coating speed.
This method realizes graphene/polymer composite thin films with oriented graphene sheets at certain
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angles on a Si substrate. Such orientation causes an important field enhancement factor up to 1.2 × 103

allowing FE at turn-on field as low as 4 V/µm. By applying the same method on Si microtips, it has
been demonstrated that FE can be turned on at lower fields, ∼2.3 V/µm [163].

A different technique, based on microwave plasma enhanced CVD, has been also applied to
realize vertically aligned graphene sheets on Ti or Si substrates [164]. Remarkably, a lower turn-on field
of about 1 V/µm was obtained for few layers of graphene grown on titanium. The main drawback of
this method remains the difficulty of controlling graphene sheet density with related problems arising
due to the screening effect in high density systems.

Exfoliated graphene has also been investigated for FE applications by using either screen
printing techniques [158], or electrophoretic deposition [165] reporting turn-on field up to 5.2 V/µm.
A comparative study on the FE performance of graphene oxide (initially exfoliated by modified
Hummers method), reduced either by hydrazine or by microwave assistance, has been reported [166]
with the result of improved turn-on field in case of microwave-reduced graphene (Eon = 0.39 V/µm
vs. Eon = 0.94 V/µm). This experimental observation has been explained by the presence of larger
graphene sheets, and the microwave reduction not breaking the large sheets into small pieces during
the process, contrary to what happens with hydrazine reduction. Consequently, larger sheets favor
natural rolls and tips because of the higher surface tension, with clear benefit to FE performances.
Pandey et al. [167] demonstrated an improved FE (higher current density and lower turn-on field) with
respect to planar graphene when introducing morphological disorder (such as edges, discontinuity
and ripples) in thermal-CVD graphene due to the poor adhesion on Si (100) substrates.

A different approach, concerning growth of graphene on CNT or nanostructures, has been
also intensively investigated. Deng et al. [168,169] reported excellent FE from few-layer graphene
(FLG)–carbon nanotube hybrids synthesized using radio frequency hydrogen plasma sputtering
deposition. They obtained few-layer graphene sheets sparsely distributed on top of CNTs with about
2–10 layer sharp edges (see Figure 6). Such a unique structure offers advantages from both the high
aspect ratio of CNTs as well as from the sharp edges of flakes, resulting in a turn-on field below
1 V/µm and a field enhancement factor of about 4000.

Figure 6. (a,b) SEM image of few-layer graphene–CNT hybrids (the inset is a TEM image showing
a hybrid structure between a CNT and a FLG); (c) Schematic of a two-step few-layer graphene growth
model: nucleation and 2D growth; (d) FE properties of the as-grown CNT arrays and the FLG–CNT
hybrids (the corresponding F–N plots in the inset is). Image adapted with permission from [168],
Copyright Elsevier, 2012.

Several studies have examined the transfer of graphene on different structures in order to realize
high performance emitting cathodes. Deposition of graphene oxide (exfoliated from graphite and made
into solution drops) on Ni nano-tips has been reported [170], demonstrating that the sheets supported
on nanometer-scale sharp Ni nano-tip arrays behave as excellent field emitters, not depending on the
alignment of the sheets with the electric field, with a turn-on field as low as 0.5 V/µm. Iemmo et al. [30]
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also demonstrated that the FE characteristics of InP nanocrystals were enhanced by placing a graphene
monolayer on the nanocrystal array.

It has been reported that graphene can be used to realize hybrid structured Si-nanowires/graphene
for FE purposes [171]. Such configuration allows the creation of uniform protrusions in graphene,
starting from well-aligned silicon nanowires of different diameters (from 400 to 600 nm). It has been
demonstrated that large-scale CVD-graphene transferred onto the ordered array, significantly improve
the FE performance with respect to nanowires alone, due to the formation of regular undulations
of the graphene layer. The reported values of the turn-on field were in the range 2.0 to 2.6 V/µm
depending on the nanowire diameter, while the estimated enhancement factor was from 4000 to 6500.
The hybrid structure realized with nanowires having a 600 nm diameter, exhibit the lowest turn-on
field and highest β values, because it realizes more contact points and protrusions, favoring electron
transfer. Indeed, the protrusions are a crucial element responsible for the field emission properties of
the hybrid structure.

Graphene samples produced by the arc-discharge method in a hydrogen atmosphere have been
characterized as field emitters either as undoped and as nitrogen- and boron-doped samples [172].
Graphene sheets have been vertically oriented in order by means of electrophoretic deposition on
Si substrate to enhance the FE properties. To achieve a current density of 10 µA/cm2 a turn-on field
of 0.7, 0.8, and 0.6 V/µm for undoped, boron-doped, and nitrogen-doped graphene, respectively,
have been reported. Such values are remarkably lower than the values reported for graphene
samples [158,165,173] and sub-nanometer graphite sheets [174]. The FE behavior is explained in terms
of the nanometric features of graphene and the resonance tunneling phenomenon. Finally, the lowest
turn-on field for N-doped graphene was identified as the result of the up-shift of the Fermi level of
graphene due to N-doping [175].

By using photolithography and wet etching processes, well-aligned graphene field emission
arrays (FEA) have been fabricated on copper foil [176]. This method realizes high-ordered micro sized
graphene pattern arrays on copper foil with a diameter of 4 mm, forming about 6000 emitting elements
(of about 30 µm × 30 µm), with 20 µm separation. FE characterization has demonstrated a turn-on
field of 7.2 V/µm for a current of 100 nA/cm2. In comparison, negligible current was recorded
by applying similar fields on un-patterned graphene layers on copper. Lin et al. [177] developed
a graphene-sheets/ZnO-nanorods hybrid structure on glass substrate by means of sputtering and
hydrothermal techniques. CVD-graphene on copper is transferred on ZnO nanorods to realize a hybrid
structure with improved FE characteristics in comparison to the ZnO nanorods alone. The lowest
turn-on field reported is 3.7 V/µm at 1 µA/cm2, and the field enhancement factor has been estimated
as β = 8723. They demonstrated that the presence of graphene sheets decreases the work function in
the hybrid structure, and also increases the number of additional emission sites.

3. Conclusions

Many theoretical and experimental studies over the past thirty years have focused on the synthesis
and field emission mechanisms of carbon materials. Nevertheless, there are still many challenges to
overcome on the way to real applications, including emission uniformity and stability, large-scale
fabrication, the lifetime of the emitting source, costs, etc. Much endeavor is currently addressing
the development of novel carbon-based cathodes, such as graphene on patterned nanostructures or
graphene/CNTs hybrids devices.

This review has shown the great potential of carbon nanostructure to develop new field emission
devices and the status of the research in the field.
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