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Abstract

The results of field emission (FE) studies are reported for three different forms of carbon: smooth amorphous carbon
(a-C) films with both low and high sp’ content prepared by pulsed-laser deposition (PLD), nanostructured carbon
prepared by hot-filament chemical-vapor deposition (HFCVD), and vertically aligned carbon nanofibers (VACNFs).
The studies reveal that smooth PLD carbon films are poor field emitters regardless of their sp* content. Conditioning of
the films, which resulted in films’ modification, was required to draw FE current and the emission turn-on fields were
relatively high. In contrast, HFCVD carbon films exhibit very good FE properties, including low-emission turn-on
fields, relatively high emission site density, and excellent durability. Finally, VACNFs also were found to possess quite
promising FE properties that compete with those of HFCVD films. We believe that the latter two forms of carbon are
among the most promising candidates for use as cold cathodes in commercial devices. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

Electron field emission (FE) from various carbon
(C)-based materials has been of substantial interest to
the industrial and scientific communities worldwide, as
potential applications of these materials in cold cathodes
for FE displays and other vacuum microelectronic de-
vices appear feasible [1-3]. Materials such as ‘“‘coral-
like” C [4], chemical-vapor deposited (CVD) diamond
[5], shock-synthesized nanodiamond [6], carbon na-
notubes (CNTs) (see e.g. Refs. [7,8] and references
therein), CVD nanostructured C [9], and hot-filament
(HF) CVD C [10] all were shown to exhibit very en-
couraging FE characteristics. In particular, very low-FE
threshold fields were observed for these materials. Of
course, for practical emitters other criteria such as high
emission site density (ESD), good stability, and long
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lifetime also must be considered, since these are crucial
for actual device performance. The emission mecha-
nism for the C-based materials is not completely un-
derstood but seems to involve a substantial geometrical
enhancement factor (GEF) for the local electric field,
due to nanoscale surface morphology, electron tunneling
through the adsorbate states, and perhaps electric field
enhancement created by highly non-uniform electronic
properties over short (nanometer) distances.

Despite the fact that FE from C films has been under
intense investigation by numerous research groups,
many published studies are misleading or incomplete.
Furthermore, novel materials such as various forms of
nanostructured C have emerged. Their potentially prom-
ising FE properties are of great interest but have not
yet been thoroughly studied and reported. In this paper
we summarize the results of our comparative FE stud-
ies of three forms of C:

(i) Smooth amorphous carbon films with variable sp?
content: The results reported in the literature are mixed,
with some researchers finding that C films with high
fractions of sp’-bonded C atoms exhibit very good FE
properties [11], while others [4,10,12,13] do not.
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(ii) Nanostructured C prepared by hot-filament chemi-
cal-vapor deposition (HFCVD): This form of C seems
quite promising for FE applications as it satisfies prac-
tically all of the cold cathode requirements outlined
above. In particular, low-FE turn-on fields and rela-
tively high ESD are observed, which we attribute to the
material’s nanostructure that is created during the de-
position process.

(iii) “Forests” of vertically aligned (perpendicular to
the substrate) carbon nanofibers (VACNFs): To date,
very few FE studies of this interesting material were
reported in the literature [14,15], although there is a
great number of FE studies of either individual CNTs or
“mats” of non-aligned, “‘spaghetti-like” CNTs.

At first sight, FE tests seem relatively simple to per-
form but this is quite far from reality. The problem lies
in the fact that the FE properties of materials can be
drastically affected by a number of factors, most of
which are rather difficult to monitor during the mea-
surements. Consequently, accurate interpretation of FE
results is often problematic. The most common para-
meter used to interpret FE results is the work function
(WF) or electron affinity (EA) of a large, relatively
smooth and clean surface of a material studied. How-
ever, it is not the only, and in many cases not the domi-
nant, parameter governing FE. Several other factors can
play an extremely important role. First, surface con-
tamination such as various adsorbates from the ambient
atmosphere as well as surface oxides can change the
height and the width of the tunneling barrier at the
surface and consequently the FE characteristics. Second,
particles and protrusions are typically always present on
the surface and can drastically alter the local GEF and
therefore FE. Finally, FE measurements are destructive
in nature. Consequently, materials being tested can be
modified during the measurements. This is manifested in
modifications of both the surface morphology and the
WE/EA. All of the above parameters are crucial for the
correct interpretation of FE results but unfortunately
are often neglected.

An experimental setup that is frequently used for FE
measurements is a non-imaging parallel plate anode
separated from the cathode (the sample) by dielectric
spacers. This method has a major flaw of measuring FE
from the sample’s “hottest” (most easily emitting) spots
only. It completely fails to determine ESD (the number
of emitting sites per unit area at a given applied field)
which is a crucial parameter for elucidating FE mecha-
nisms and for fabricating actual devices. The hottest
spots can easily be particles, protrusions (highly locally
enhanced GEF) or regions of modified or contaminated
material (altered GEF and WF/EA) and therefore will
not represent the bulk material being tested. In addition,
in the parallel-plate method the leakage current across
the spacers separating the anode from the sample is ra-
ther difficult to distinguish from the true FE current.

This is why we believe that the non-imaging parallel
plate method provides no reliable information about the
average FE properties of a thin-film material over large
surface areas. FE is a local phenomenon and therefore
local probes such as a sharp scanned probe with three
translational degrees of freedom or/and an imaging
screen should be used as the anode for FE measure-
ments. In addition, FE energy distribution (FEED)
measurements [16] can be particularly useful for eluci-
dating FE mechanisms. In our lab we use a scanned
probe, and the results and analysis of FE measurements
utilizing this technique are discussed below.

2. Experimental

The detailed description of materials preparation can
be found elsewhere [10,17,18]. Briefly, the deposition
conditions and characterization techniques for various C
materials were as follows. Pulsed-laser deposited (PLD)
amorphous C films with systematically variable sp?
bonding, ranging from highly tetrahedral amorphous C
(ta-C, up to ~75% sp*-bonded C atoms) to predomi-
nantly sp?>-bonded a-C, were formed by ablation of a
graphite target in a high vacuum chamber (base pressure
of 3 x 1078 Torr) using a Lambda Physik Compex 301i
pulsed excimer laser operated with ArF (193 nm). The
sp® content was measured by electron energy loss spec-
troscopy (EELS) as described previously [17]. Hot-fila-
ment chemical vapor deposition (HFCVD) C was
deposited in a vacuum chamber with a base pressure
<1 x 1077 Torr. A tungsten filament was placed a few
mm above the sample. Ethylene (C,H,4) was used as a C
gas source and was directed onto the hot filament using
a stainless steel nozzle. The chamber pressure during the
deposition was 1.2 x 10~ Torr. The sample temperature
varied between 570°C and 750°C, depending upon the
distance between the filament and the sample, and was
measured by a thermocouple attached directly to the
sample surface. For both the PLD and HFCVD films
n-type Si wafers were used as substrates.

VACNFs were prepared by a method similar to that
used by Ren et al. [19]. The method utilizes plasma-
enhanced CVD in a vacuum chamber evacuated by a
mechanical pump to a base pressure <5 x 103 Torr. The
substrates were fabricated by evaporating a thin layer
(~10 nm) of Ni catalyst onto an n-type Si wafer that had
been pre-coated with 100 nm of W or W-Ti, to prevent
formation of Ni silicide at elevated temperatures. Upon
plasma pre-etching and heating the substrates above
~600°C, the Ni layer breaks into little droplets that are
the necessary precursors for the catalytic growth of
VACNTFs [18]. Acetylene (C,H,) and a mixture of 10%
ammonia (NH3) and 90% helium (He), with gas flows of
15 and 200 sccm correspondingly, were used as the gas
source. NHj is needed to etch away a thick graphitic C



V.I. Merkulov et al. | Solid-State Electronics 45 (2001) 949-956 951

film that continuously forms during the growth from
the plasma discharge and passivates the Ni catalyst,
thereby preventing the formation of CNFs. The NHz/He
mixture was introduced into the chamber first and the
plasma was started; after that the C,H, was introduced.
The typical pressure during the growth was several
Torr, the substrate temperature was ~700°C, and the
plasma discharge was operated at 50-100 mA and ~500
V.

To obtain structural information, Raman scattering
measurements were done using a Lexel 3500 Ar ion laser
operating at 514.5 nm and a Dilor XY Raman spec-
trometer equipped with a EG&G OMA 4 CCD detector.
Surface morphology studies were performed utilizing a
Philips XL30/FEG high resolution scanning electron
microscope (HRSEM) with X-ray energy dispersive
spectroscopy (EDS) capabilities and a Nanoscope Illa
(Digital Instruments) atomic force microscope (AFM)
that was operated in tapping mode.

FE measurements were carried out in a high vacuum
chamber with a base pressure of 107° Torr. The mea-
surements were taken by applying a positive voltage to
a tungsten current probe (anode) and by collecting
electrons emitted from the sample (cathode). Current
probes’ tips were approximately spherical with diame-
ters (twice the radius of curvature) ranging from 1 to 25
um. The probe tip roughness was on a deep submicron
level as verified by HRSEM measurements. The typical
distance between the probe and the samples during the
measurements was 5-20 pm. The turn-on field remained
essentially constant within this distance range. To obtain
better statistics each sample with a typical size of ~1 x
1 cm? was measured at several different locations sepa-
rated from one another by a few mm. 2D scans of FE
turn-on field were performed periodically over a typical
sampling area of ~200 x 200 um?. The current probe
stage motion was computer controlled with the mini-
mum step size of 75 nm in x—y-z directions, which
allowed for precise control of the probe position.

3. Results and discussion
3.1. Smooth amorphous C films

For all of the PLD amorphous C samples tested,
regardless of their sp® content, the “conditioning” pro-
cess [12,13] was required to obtain any measurable
emission. Conditioning typically resulted in arcing that
occurred between the probe and the sample as the
electric field was increased from 0 to 100-200 V/pm.
After the conditioning, a typical turn-on field required
to draw ~1 nA FE current from highly (up to ~75%)
sp*-bonded C films (ta-C) was ~50 V/um which is sub-
stantially higher than for other forms of carbon [4-10].
A typical emission current-applied electric field (/I-E)
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Fig. 1. Emission current-applied electric field (/-E) curve and
Fowler—-Nordheim plot (inset) for ~73% sp* ta-C film after
conditioning.

curve for these films after the conditioning process is
shown in Fig. 1. The macroscopic electric field, E, was
simply calculated as the probe voltage divided by the
probe-sample distance. As the probe was moved to a
new location the emission vanished and conditioning
was required again to restart it. After moving the probe
back to the previously conditioned spot the emission
would resume with no additional conditioning required.
Further, we found that conventional predominantly sp>-
bonded a-C, prepared by PLD with low C-ion kinetic
energies, exhibited very similar FE characteristics but
perhaps with somewhat lower fluctuations of the emis-
sion current. The emission curves were similar for both
high and low sp® content PLD films and followed the
Fowler-Nordheim (FN) behavior over part of the I-E
plot, as shown in the inset of Fig. 1. Using a simplified
FN equation [20] and assuming the WF of amorphous C
films similar to that of graphite (& ~ 4.6 eV), it is pos-
sible to roughly estimate the emitting area and the
geometric enhancement factor () of the electric field due
to sample’s local surface morphology. The calculations
yield low-emitting area ~10~2 pm? and high  ~100-150
for both ta-C and sp>-bonded a-C films, contradictory
to our AFM measurements which show that the as-
deposited films are extremely smooth [21], with rms
roughness ~1-2 A. Of course, the WF/EA of the PLD C
films may differ from that of graphite. Therefore, even a
smooth film could, in principle, emit at low applied fields
if the WF/EA were very low. Although we note that it
must be almost unrealistically low (<0.3 eV) for emis-
sion to occur from a perfectly smooth surface.
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Fig. 2. SEM image of a crater formed as a result of the con-
ditioning process (arc discharge) of initially smooth amorphous
C film.

To further investigate this issue, SEM was employed
to study changes in surface morphology that occurred
after the arcing. The measurements revealed that at the
location of severe arcing, where the initial film was
smooth, a crater of once-molten C film and Si substrate
was formed (see Fig. 2). Given this fact and the FE
characteristics of ta-C films described above, we con-
clude that FE from ta-C is not due to low WF/EA but
rather should be attributed to the sharp protrusions
around the crater formed during the arcing. The pro-
trusions geometrically enhance the electric field, thereby
providing for electron emission at moderate fields. We
note that there may be another factor contributing to
low-FE turn-on fields: the formation of small sp? regions
embedded into the sp’ matrix, which occurs during
even the “gentle’ conditioning process [22]. The applied
electric field can be greatly enhanced at the conductive
sp?> regions, promoting electron emission from these
regions at relatively low applied fields [23].

We also note that our very first FE measurements of
ta-C films were performed using a non-imaging parallel-
plate method and the measured turn-on fields were
found to be only ~5 V/um. This demonstrates again that
the parallel plate method can be quite deceiving and is
unreliable in general for the reasons discussed in the
introduction.

3.2. Hot-filament chemical-vapor deposited carbon

As-deposited HFCVD films are thoroughly nano-
structured. A typical high resolution SEM image is
shown in Fig. 3. “Bumps” of a few hundred nm in size
are observed. The bumps seem to be composed of very
fine features that cannot be clearly resolved by HRSEM.

The measured Raman spectra (see Fig. 4) exhibited two
broad peaks located at ~1350 and 1600 cm~'. This is
characteristic of graphitic, nanocrystalline C with a
grain size <25 A [24]. Surprisingly, EDS measurements
also revealed the presence of Ni in the films. It was
found that the W wire that we used for making filaments
contained a small amount (~1%) of Ni. As a result, a
thin (~80 nm) layer of Ni was deposited within the first
minute of the filament being turned on and only after
that the C film was formed. W filaments without Ni did
not produce any C films under the otherwise identical
experimental conditions. We conclude that nanostruc-
tured, predominantly sp?>-bonded C films formed due to
the catalytic growth reaction between Ni and C,Hy,
which is probably similar to the growth process of car-

Fig. 3. High resolution SEM image of HFCVD C taken at 15
kV and 50° tilt angle. The image shows nanostructured nature
of HFCVD C films.
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Fig. 4. Raman spectrum of HFCVD C. The two peaks located
at ~1350 and 1600 cm~! are representative of the sp>-bonded,
nanocrystalline structure.
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bon fibers [25]. We note that the possibility of the
presence of small diamond nanocrystallites in the films
cannot be completely ruled out at this point, since
Raman scattering in the visible would not be able to
detect small amounts of sp’-bonded C due to the low
cross-section of the sp’-bonding in the visible. UV Ra-
man scattering [26,27] accompanied by high resolution
transmission electron microscopy (HRTEM) and EELS
would be necessary to characterize¢ HFCVD C more com-
pletely. However, we do not believe that sp® crystallites
are very likely to be present in these films since the
growth temperature was too low for the diamond forma-
tion and no special substrate treatment was employed.
Furthermore, even if occasional diamond crystallites
were nevertheless present in the films they would most
likely be covered with a thick layer of sp? carbon and
therefore would not affect FE process to any substantial
degree. As a result, we do not consider diamond crys-
tallites in the discussion of the FE mechanism, although
further structural characterization of the HFCVD films
is definitely needed.

HFCVD C films were found to exhibit very promis-
ing FE characteristics. First, no conditioning or arcing
was required to initiate emission once the threshold field
was reached, and no substantial hysteresis was observed,
which suggests a non-destructive FE mechanism. Sec-
ond, the turn-on fields were quite low and varied from 7
to 30 V/um depending upon the deposition conditions
and the location on the sample. We also note that films
deposited at higher temperatures tended to exhibit lower
turn-on fields along with more extensive nanostructure.
Third, when the probe was scanned across the sample
surface the ESD was found to be high. An example of a
2D (200 x 200 um?) scan is shown in Fig. 5. The sample
emitted continuously across the surface, although the
FE turn-on field varied from 9 to 15 V/um. If one as-
sumes that the only emitting surface is located under the
probe, then the resolution is limited only by the probe
diameter (~1 pm) and the ESD at 15 V/um is at least ~1
site/(1 pm)?> ~1 x 10® sites/em?. This would more than
satisfy the most severe requirements for FE displays.
However, due to the variation in the turn-on field across
the sample surface, the areas with lower turn-on fields
may emit even if they are not located directly under the
probe. It appears from Fig. 5 that there may be low-
turn-on-field emitting spots at intervals of a few tens of
pum, and the current probe is simply activating only these
sites as it scans over them. Considering the distance
between the probe and the sample surface (20 pm) and
the variation of the turn-on field (9—-15 V/pm) a more
conservative estimate of the ESD yields at least ~1 site/
(25 um?)=1.6 x 10° sites/cm?, which is a substantially
smaller number but nevertheless is still suitable for lower
resolution displays.

The material was also found to be very robust. The
maximum current obtained before damaging the sam-

Fig. 5. Emission turn-on field, defined as the field required to
draw 1 nA of emission current to the probe, as a function of the
probe position in the HFCVD C sample plane. The distance
between the probe and the sample is 20 pm.

ple was ~5-50 pA for a 20 um diameter probe that
was positioned directly above the locations with lower
turn-on fields. In this case it is reasonable to assume that
only the area under the probe is emitting, which yields
a macroscopic current density of at least ~1-10 A/cm?
which is at least 10-100 times higher than that required
for FED applications. Finally, our preliminary results
show that the emission is stable for at least 30-50 h.
Mechanical instabilities (probe drift) in our system pre-
cluded longer measurements of the emission lifetime.

We attribute the promising FE characteristics of HF-
CVD C mainly to its nanostructure and associated with
it high GEF. Due to the sp? nature of this material, the
WF should be relatively large (a few eV) resulting in very
high extracting fields for a flat surface. However, as can
be seen from Fig. 3 the bumps on the sample surface are
a few hundred nm tall and if the nanoprotrusions have
nanometer and subnanometer thickness (a stack of a few
graphitic planes) the GEF required to account for the
low-turn-on fields can be easily achieved. Unfortunately,
HRSEM resolution is not sufficient to accurately de-
termine the aspect ratio (AR) of the HFCVD nano-
structure, although features below 10 nm in size are
definitely observed. Again, HRTEM is required for
better characterization of this material.

There are a few other possible factors that may
contribute to the improved FE properties. They include
elastic resonant tunneling through virtual energy levels
of adsorbates on the surface that can substantially in-
crease the FE tunneling probability [16] and drastic
changes of the electronic structure, such as a semimetal-
to-semiconductor phase transition [28] and the presence
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of narrow energy bands above the Fermi level [29], as
the size of graphitic clusters decreases. More studies and
in particular FEED measurements [16] are needed to
differentiate between these possibilities.

3.3. Vertically-aligned carbon nanofibers

The FE turn-on fields for the forests of VACNFs
were found to depend on several parameters including
the VACNF AR, the height variation, and the nucle-
ation site density. Very dense forests (40-60 nanofibers/
pum?) with relatively small (~20%) height variation ex-
hibited quite high FE turn-on fields, >100 V/um. In fact,
in most cases arcing occurred before the required
threshold field was achieved. This was the case even for
the forests of VACNFs with high ARs >200. However,
assuming the CNF WF similar to that of graphite as an
approximation and employing the FN equation, the
turn-on fields are expected to be of the order of ~15-25
V/um. We conclude that the reason for the virtual ab-
sence of FE from dense forests of VACNFs, even at high
electric fields, is the screening of the electric field at the
ends of VACNFs by the neighboring nanofibers, which
occurs when they are placed too close to each other.
Dense VACNF forests and smaller height variation re-
sult in reduced enhancement of the local electric field at
each nanofiber tip. Similar effect was reported recently
by Nilsson et al. [30] for films of non-oriented, spaghetti-
like CNTs.

For relatively sparse VACNF forests (< 10 VACNFs/
um?), such as the one shown in Fig. 6, FE character-
istics were found to be substantially improved. No
conditioning was required to initiate FE and emission
was continuous as the probe was scanned across the
sample surface. The turn-on fields ranged from 13 to 30
V/um. A typical 2D scan with a 1 pm diameter probe is

Fig. 6. High resolution SEM image of a sparse forest of ver-
tically aligned carbon nanofibers. The image is taken at 15 kV
and 50° tilt angle.

E (V/hm)
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Fig. 7. 2D scan of the field emission turn-on field for vertically
aligned carbon nanofibers. The distance between the probe and
the sample is 20 um and the FE current to the probe was 1 nA.

shown in Fig. 7. Similar to the discussion of HFCVD C,
the optimistic estimate of the ESD at 30 V/um is ~1 site/
(1 pm)? ~1 x 108 sites/cm?, whereas the conservative one
yields at least ~1 site/(40 um)> ~6 x 10* sites/cm?. We
note that the CNF AR in this case is only ~50 £ 10 and,
even in the complete absence of screening, turn-on fields
substantially (two to three times) higher than 15-30 V/
um are expected. In fact, turn-on fields should be even
higher since substantial screening is supposed to be
present even in these sparse forests of VACNFs ac-
cording to the calculations by Nilsson et al. [30]. We
speculate that nanometer- and subnanometer-scale
roughness of the VACNEF tip contribute additional en-
hancement of the electric field. Theoretical calculations
performed for a blunt tip with a small bump on its apex
show that the GEF can be enhanced by up to a factor of
3 due to the bump [31], which would account at least
partially for the lower-than-expected turn-on fields.
Also, elastic-resonant and inelastic tunneling through
the adsorbate states and possibly additional non-
metallic states above the Fermi level at the nanofiber tips
[32,33] are likely to be among the contributing factors.
Preliminary FE stability tests show that electron
emission from VACNFs is likely to have a long lifetime.
An emission current of 100 nA on the probe was
maintained for at least 150 h, the longest time for which
measurements were done. The maximum FE current
before VACNF damage occurred was at least 7 LA for a
1 um diameter probe, corresponding to a macroscopic
current density of ~900 A/cm? for the VACNF film, and
an estimated current density of ~35-350 kA/cm? per
VACNEF tip, depending on how many nanofibers under
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the 1 pm probe are emitting. This is in good agreement
with observations by Baker et al. [34] for individual
carbon-fiber field emitters.

4. Conclusions

In conclusion, we have investigated the FE properties
of smooth carbon films with both high and low sp’
fraction, nanostructured HFCVD carbon, and carbon
nanofibers well-aligned in the direction perpendicular to
the substrate (VACNFs). While smooth carbon films are
not good field emitters, both HFCVD C and VACNFs
exhibit very promising FE characteristics, such as the
absence of conditioning, low-turn-on fields, relatively
high ESD, and durability. Nanostructure and high en-
hancement of the extracting local electric field associated
with it, as well as various mechanisms of reduction of
the tunneling barrier at the surface, are believed to be
responsible for such promising FE characteristics.
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