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Abstract

The influence of fabrication technology on field electron emission properties of nanoporous carbon (NPC) has been investigated.
Samples of NPC derived from different carbides via chlorination at different temperatures demonstrated similar low-field emission
ability with the threshold electric field strength of 2-3 V/um. This property correlated with the presence of nanopores with the
characteristic size of 0.5-1.2 nm determining high values of specific surface area (more than 800 m?/g) of the material. In most
cases, voltage—current characteristics of emission were approximately linear in Fowler—Nordheim (FN) coordinates (excluding the
low-current part near the emission threshold), but the plot slope angles were in notable disagreement with the known material
morphology and electronic properties, and this could not be explained within the frames of FN emission theory. We suggest that
the actual emission mechanism for NPC involves hot electrons generated at internal boundaries, and that emission centers may be
associated with relatively large (20-100 nm) onion-like particles observed in many microscopy images.

Copyright © 2015, St. Petersburg Polytechnic University. Production and hosting by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

During the recent decade, carbon-based field emit-
ters developed into a promising option of cold cathodes
for various devices [1,2]. Carbon nanotubes (CNTSs)
[3] were the first nanocarbon form that found prac-
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tical applications in microwave [4,5], light [6] and
X-ray [7,8] sources, plasma devices [9], space thrusters
[10], microelectronic components [11,12] and gauges
[13]. However, the fabrication processes of controlled
CNT arrays remain relatively complex and expensive.
Furthermore, the problem of their fast degradation un-
der operational conditions has not yet been solved
[3,7,14-16]. Due to the very high geometric aspect ra-
tio, the CNTs provide substantial local amplification
of the applied electric field which helps to achieve
low-field emission. Yet the resulting concentration of
the emission current, electric force, thermal load and
ionic bombardment at atomic-scale areas eventually
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lead to accelerated destruction of the emission
sites. This drawback of the CNT-based technologies
stimulates involvement into emission investigations of
alternative forms of nanocarbon, such as nanodiamond
[17-27], nanographitic [2,26-28], amorphous [29-31]
and composite [32-36] films. All these materials have
common features of heterogeneous composition and
(more or less) disordered structure. Their surface to-
pography is relatively smooth, so that the estimated
values of field enhancement factor S are insufficient
to describe the observed low-field emission within the
frame of the classical Fowler—Nordheim (FN) theory.
A number of principally different models were devel-
oped to explain this phenomenon [24-26,31-33,37—40].
Most commonly, a proposed mechanism of emission fa-
cilitation involves a multistage tunnel transfer of elec-
trons via nanosized domains with contrast electronic
properties [2,18-20,41-47].

2. Samples: preparation, physical and chemical
properties

In the present work, we investigated field-emission
properties of nanoporous carbon (NPC) — one of all-
carbon materials with disordered nano-scale struc-
ture. Similar materials were studied previously in
Refs. [48,49], but in our work we used a particular
form of NPC, produced from carbides through chlori-
nation process [50-55] in which selective etching reac-
tion had removed all non-carbon elements and formed
a solid structure with high porosity. Due to devel-
oped pore/skeleton interface, homogeneity of pore size,
strong adsorption ability, relatively high electric con-
ductance and mechanical strength, the carbide-derived
NPC materials give considerable promise for diverse
applications, including fabrication of field electron
emitters [56].

Detailed description of the process of NPC samples
fabrication from the carbides of boron, zircon, titanium
and molybdenum and typical parameters of the product
structure were disclosed in [53-55]. The structural pa-
rameters substantially differed for the samples of differ-
ent origin. Thus, the mean pore size for the products of
B4C and Mo2C chlorination was approximately 5 times
greater than that for ZrC and TiC derivatives. As a re-
sult, the apparent density in the latter case was almost
two times greater, while the pycnometric density (i.e.
the density of carbon skeleton, with pore volume ex-
cluded from consideration) was close to the density of
graphite for all the samples.

Silicon carbide was also used for fabricating NPC
samples for the described experiments. As it has been
showed in [55], the pore size for these samples varied
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Fig. 1. A typical overview SEM image of an NPC sample (produced
from SiC by chlorination at 1200 °C).

in wider range than for the derivatives of other carbides.
Chlorination temperature had significant effect on the
pore size distributions. In the samples prepared at low
temperatures (700-900 °C), the pore size was close to
1 nm. If the chemical treatment temperature was higher
(1200°), larger pores appeared and the sample densities
(both apparent and pycnometric ones) decreased, pre-
sumably due to higher chlorine etching efficiency with
respect to carbon atoms. After treatment at 2000 °C,
only large pores (meso-pores) remained in the sample;
the carbon skeleton lost more than a half of its mass and
underwent a reconstruction with dramatic reduction of
the specific surface area.

The morphology of the studied NPC samples may
be overviewed from microscopic images. All overview
images (with relatively low resolution and wide field
of view) acquired with a scanning electron microscope
were similar to the one presented in Fig. 1. The um- and
sub-um-sized irregular NPC particles presented in the
image inherit the shapes of the original carbide powder
grains.

Atomic-scale images of small spots of NPC samples
obtained by the transmission electron microscopy (HR
TEM) are shown in Fig. 2a—c. They demonstrate that
the studied materials included both amorphous (Fig. 2¢)
and ordered domains.

The latter were comprised of faceted (Fig. 2a) or
curved (Fig. 2b) atomic layers. The distances between
atomic planes (~0.35 nm) correspond to the graphite
lattice period. Domain sizes between 20 and 100 nm
were the most typical, though sometimes larger faceted
crystallites were also observed (Fig. 2d). As much as it
can be seen from microscopic data, the relative part of
ordered domains in NPC samples derived from the same
carbide usually grew with the increase of chlorination
temperature [52,55].
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Fig. 2. Typical nm-scale morphological elements of NPC surface in
HR TEM ((a)—(c)) and AFM (d) images.

3. Emission properties

Emission properties of NPCs were tested in the lay-
out described previously in [56]. Emitter samples were
prepared by depositing NPC powders over plane metal
substrates. The electric field was applied between the
sample and a cylindrical tungsten anode with a flat end
side in vacuum better than 107 Torr. The field gap width
between the anode and cathode was 0.50-0.75 mm, the
anode diameter was 6 mm. During the experiments, the
samples could be heated up to 400 °C to remove volatile
contaminants and perform thermo-field activation
procedures [56].
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All the investigated NPC coatings demonstrated
comparable emission properties. Emission characteris-
tics of NPC samples fabricated from different carbides
are compared in Fig. 3.

For all the presented plots, the threshold field values
corresponding to the appearance of a minimum measur-
able (sub-nanoAmp) current are within the 2-3 V/um
range, which may be considered as the demonstration of
high emission efficiency. Unfortunately, many samples
of the same series, fabricated in the same technological
process, demonstrated much worse emission properties.
This witnesses certain instability of the used fabrication
technology and/or that the emission characteristics were
determined by some poorly controlled parameters of the
samples.

The NPC samples produced from silicon carbide by
chlorination at different temperatures also demonstrated
similar emission properties (Fig. 4), excluding the case
of the highest temperature of 2000 °C.

This special form of NPC with very low specific sur-
face did not yield any emission current in the fields up
to 10 V/um.

The current dependencies measured in the emission
tests usually demonstrated exponential character (for
the field values well above the emission threshold): pre-
sented in FN coordinates (Figs. 3b and 4b), the emission
plots were approximately linear. In accordance with the
classical field-emission model, their slope angles are de-
termined by the combined parameter (¢*?/8), where ¢
is the work function of the emitter and g8 is the field
enhancement factor for the emitting spot. For the pre-
sented plots, this parameter varied between 2.0 x 1073
and 6.5 x 1073 eV¥2, Taking ¢ = 4.5 eV as a typi-
cal value for various forms of carbon [28,38,57], we
obtain an estimate for the field enhancement factor
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Fig. 3. Emission /-V plots in straight (a) and FN (b) coordinates for NPC samples fabricated from different carbides: TiC (1), Mo, C (2), ZrC (3),

B4C (4).
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Fig. 4. Emission /-V plots in straight (a) and FN (b) coordinates for NPC samples fabricated from SiC by chlorination at different temperatures,

°C: 700 (1), 900 (2), 1200 (3).

B =~ 1500-4500. These values obviously disagree with
the surface topography revealed by the microscopic
studies (see Figs. 1 and 2). A more plausible value
B = 10 gives us the work function estimates of 0.07—
0.16 eV. For a material with such a little work func-
tion, heating to 400 °C would result in thermal emis-
sion with space-charge-limited current density of more
than 10 A/cm?. No such emission current weakly de-
pending on the applied field was ever observed in the
experiments. Thus, we can conclude that the experi-
mental data apparently disagree with the classical emis-
sion theory, which is not unusual for many forms of
carbon.

Near the emission threshold, the disagreement be-
tween the measured current characteristics and theoreti-
cal predictions was often even more notable. Fig. 5 rep-
resents a few typical emission plots with the intervals of
current saturation and even reduction.

Such features were most typical for the emission cur-
rent values below 3-5 A, but sometimes they were
seen at much higher currents (Fig. 5b). High probability
of their appearance does not allow explaining their ex-
istence through fluctuations of the current. The features
were reproduced in multiple measurements in increas-
ing and decreasing field, which also excludes a number
of possible explanations, such as thermal effects or re-
moval of contaminant layers.

The contradiction between the observed presence of
the “fine structure” at low-current parts of the emission
plots and smooth exponential growth at higher currents
can be naturally explained by statistical averaging of the
emission characteristics of local centers, individually
having complicated shapes. Near the emission thresh-
old, only a limited number of the most efficient centers
contribute to the full current [58]. As the field increases,

this number grows and individual features are averaged
out.

Thus, the performed experiments with different vari-
eties of NPC have demonstrated that the NPC can effi-
ciently emit electrons in relatively weak electric field, if
only they have a developed nm-scale structure charac-
terized by large specific surface area of nanopores. Like
for many other forms of nanocarbon, the phenomenon
of low-field emission from NPC and some features of
current characteristics cannot be adequately described
by Fowler—Nordheim theory as well, so probably the
mechanism of direct electron transfer to vacuum from
the Fermi level of the emitter surface layer is irrelevant
to this material.

4. Discussion

Some authors [58-60] associate the phenomenon of
low-field emission from all the forms of nanocarbon
with the enhancement of electric field at high-aspect-
ratio elements (nanotubes, fibers, etc.), even when
these elements are not introduced intentionally and are
present at the emitter surface in relatively low numbers
as a technological contaminant. Even though this expla-
nation may be correct for some of the discussed emit-
ters, we think that in the NPC materials investigated in
this work, the emission mechanism is different. Besides
the fact of low-field emission itself, the actual emis-
sion model for NPC has also to explain other exper-
imentally observed features of the emission behavior,
including:

- the reproducible “fine structure” of emission charac-
teristics near the field threshold, discussed above;
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Fig. 5. Emission /-V plots for NPC samples with typical reproducible
deviations from exponential shape, measured at different ranges of
applied voltage. Date acquisition time was close to 1 min per curve.
Empty and filled symbols mark the data measured with increased and
decreased voltage, respectively.

- the hysteresis of emission from NPC in pulsed field
(at sub-us and even us time scale) described in pre-
vious publications [61];

- relatively wide (up to 1 eV) energy distributions of
the emitted electrons [62];

- the results of independent definition of the field en-
hancement factor (8 ~ 15) and energy position of

“emitting” electron states in NPC (electron affinity
should be equal to xg = 0.3-0.6 eV, i.e. much lower
than the work function for carbon ¢ =~ 4.5-5.0 eV),
performed on the basis of the measured emission
characteristics in pulsed field [63].

We assume that all these features of NPC emission
may be explained in terms of the two-stage model of
the emission mechanism [2,18-20,41-47] with a few
important modifications discussed below. According to
this model, electrons are transferred from the emitter
bulk electron states near the Fermi level (Ef) to vacuum
not directly, but through two successive steps via some
intermediate states localized near the emitter surface,
with energies substantially higher than Eg. If electrons
are elevated onto such non-equilibrium states, they can
be effectively emitted to vacuum because the surface po-
tential barrier is lower in this case and more transparent
for them than for the electrons at Fermi level. Yet, for
the realization of this emission mechanism, taking into
account the phenomena mentioned above, the following
conditions must be satisfied:

(a) the applied electric field should penetrate into the
emitter material to produce free energy that is nec-
essary to elevate the electrons to high-energy states
(i.e. to generate “hot” electrons);

(b) inside the emitter, the field should be concentrated
at the internal boundaries to be able to provide some
electrons with relatively large (eV-scale) additional
energy;

(c) the hot electrons should be able to propagate to the
vacuum boundary and remain there for a consider-
able time without thermalization.

The available information on the NPC structure and
properties suggests that all the listed conditions may be
satisfied.

According to [50-55] and our own microscopic
data, the NPC is a porous conglomerate of small (1-
2 nm) graphene sheets mixed with larger onion-like or
graphitic-shelled particles, up to 50-200 nm in size.
Electronic properties of the material are those of a
p-type semiconductor [51], which means a non-zero
band gap and Fermi level position near the valence band
top. The excessive holes appear due to electron trapping
at interface boundary states, and thus all the crystalline
volumes are charged positively relative to their bound-
aries. Due to strong band bending, the nanodomains are
separated from each other by tunnel junctions allowing
external field to penetrate into the material. Polarization
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Fig. 6. The suggested structure of an active emission center on
the NPC surface: schematic geometry (a) and energy diagram (b);
1 — emitter bulk, 2 — nanoparticle, 3 — vacuum, 4 — long-living hot
electrons; R —radius of the nanoparticle, 4 — width of the gap between
the particle and the conductive plane, Er — Fermi level, / — emission
current, E — external field strength; 8, Bo — coefficients of external and
internal field enhancements.

of the domains leads to enhancement of the applied field
at the junctions (Fig. 6).

The enhancement factor can be roughly estimated via
the solution of an electrostatic problem considering a
conductive sphere (the nanodomain) of radius R placed
at a small distance / (junction) from a conductive plane
(the rest of the emitter). In this system, the electric field
E applied normally to the plane is locally enhanced by
the factor By = AR/h, where A = (.5. For example, if the
particle size is 80 nm and the junction width is 0.4 nm,
the additional internal field enhancement can reach 100,
which may be sufficient for our model. A similar prob-
lem was investigated in [64] for ellipsoidal sp? particles
in an amorphous layer on a conductive substrate, and the
enhancement factors up to 300 were considered. Poten-
tial difference between the adjacent domains can reach
1 V in the electric field with moderate magnitude of less
than 10 V/um, and the electrons injected through the
interface junctions will have the energies much higher
than the local Fermi level (Fig. 6).

However, to increase emission efficiency, these hot
electrons have to reach the outer emitter boundary and
to remain in its vicinity for a relatively long time with-
out relaxation. According to recent studies [65,66], such
possibility appears if the considered medium is com-
posed by nanoparticles with the size of approximately
30 nm or smaller. The electron relaxation time dramat-
ically increases (in comparison with larger crystallites)
due to so-called “phonon bottleneck effect” [67-69] as-

sociated with reduced density of states in the conduc-
tance band of nanodomains, leaving energy gaps be-
tween adjacent levels exceeding maximum phonon en-
ergy for this lattice. Therefore, the most efficient mecha-
nism of energy losses — the electron—phonon interaction
— is practically excluded. The experiments performed
in [70] confirm that mean recombination time for hot
charge carriers may grow to 1 ns and higher. This is
more than sufficient for the electrons which were in-
jected from the “back” side of a surface-layer crystal-
lite to propagate across the grain. If the relaxation is
very slow, it can even explain the hysteresis of the char-
acteristics of emission in pulsed field observed in the
work [61].

So, all the conditions necessary for the enhanced
electron emission may be fulfilled due to the presence
of conductive nanoparticles in the structure of NPC ma-
terials. These particles are presumably capable to con-
centrate electric field at internal interfaces. This prop-
erty “replaces” field enhancement at outer morphology
elements of emitters based on nanotubes and fibers, and
can be even preferable for the practical use — the region
of concentrated field and current is protected from exter-
nal impacts, such as ionic bombardment. On the surface
where these factors are present, the field is less concen-
trated, which can result in higher emitter durability. An-
other function of nanoparticles may consist of long-time
conservation of hot electrons injected from the emitter
bulk — not only at the bottom of the conductance band
(as, for instance, it takes place in diamond), but practi-
cally at any energy levels. Hence, the property of low
affinity is not necessary for nanostructured emitters to
become low-voltage ones, and nanoparticles of sp> car-
bon can facilitate emission as well as the diamond par-
ticles. The former may even be preferable, because the
broad band gap (in diamond) can hamper the process of
generating hot electrons at tunnel junctions if the poten-
tial difference between the adjacent grains is not large
enough (Fig. 6).

5. Conclusions

The performed investigation of the emission prop-
erties of nanoporous carbon has demonstrated that the
materials of this type are capable of low-field elec-
tron emission. Their emission properties show relatively
weak dependency on structural details determined by
the technology of their fabrication, e.g. on the combi-
nation of the nature of the initial carbide and the tem-
perature of its chemical treatment. Among all the NPC
samples ever tested, the only exclusion made those pro-
duced from SiC in chlorination process performed at the
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highest temperature (2000 °C). These samples lost their
nano-scale structure and produced no emission current
in the investigated range of the field magnitudes. We
explain the obtained results in terms of the two-stage
emission model [39,40,61]. We think that 20—200 nm
graphitic particles observed at the surface of NPC sam-
ples can play the main role in the emission mechanism
in two ways: (1) determining substantial enhancement
of applied electric field at junctions separating them
from the rest of the emitter bulk and (2) providing con-
ditions for conserving non-equilibrium energy distribu-
tion of electrons injected into such particles through
these junctions.
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