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Thermionic field emission from nanocrystalline diamond-coated silicon tip arrays
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Thermionic field emission properties of nitrogen doped ultrananocrystalline diamond (UNCD) coated silicon
tip arrays are examined using thermionic field emission electron microscopy (TFEEM). Nitrogen doping has
been shown to enhance the emission properties of diamond by the introduction of a donor level 1.7 eV below
the conduction band minimum. The field enhancing geometry of the films initiates accelerated electron emis-
sion at the tipped structures which may be beneficial to thermionic energy converter design where space charge
effects can significantly limit attainable current densities. Two temperature regimes of electron emission are
observed; 600—800 °C, where the emission is enabled because of the H passivation and 900—1100 °C, where
the emission is attributed to tunneling from nitrogen related states through the barrier of a clean diamond

surface.
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I. INTRODUCTION

This study investigates the thermionic field emission
properties of ultrananocrystalline diamond (UNCD) films in
field enhancing geometries through the use of field emission
electron microscopy (FEEM) and thermionic field emission
electron microscopy (TFEEM). Thermionic field emission
has been described by a modified Richardson-Dushman
equation' given by

J(E,T) = ATV EkT, (1)

where the current density J(E,T) is dependent on the work
function, ¢, the temperature of the emitter 7 and the applied
electric field E at the surface, and Ay is the Richardson con-
stant, e the electron charge, and kj is the Boltzmann’s con-
stant. The introduction of sharp surface features creates a
focusing of the electric field at the protruding surface. This
enhanced field results in two effects, a narrower tunnel bar-
rier and a reduction in the potential barrier (i.e., the Schottky
effect).

Studies involving thermionic energy converters have sug-
gested that crystalline carbon films in combination with field
enhancing properties may be promising candidates for the
emitting material.> Thermionic energy conversion is accom-
plished through the combination of a hot electron emitter in
conjunction with a somewhat cooler electron collector. In
operation, an electric potential will develop between the two
surfaces that can result in a significant source of electrical
energy. The system directly converts the thermal energy into
electrical energy, and since the process is based on electron
emission and collection with no mechanical motion, this
source can be highly efficient and also operate without main-
tenance for extended periods of time. A limiting phenomenon
to the vacuum emission of electrons is the space charge ef-
fect in which electrons in the vacuum close to the emitter
surface impede additional electron emission. A potential
method to reduce this limiting effect is the introduction of
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surface features that produce a field enhancement effect at
the surface. The electrons emitted from the tip shaped sur-
face features are rapidly accelerated, and the transit time
from the emitter to the electron collector is reduced, conse-
quently reducing the space charge effects.

Field enhancement through the introduction of surface
features has been studied for many years, most notably with
sharp metal tips.>* The Fowler-Nordheim equation, which
describes field emission from a metal surface, is often modi-
fied with a field enhancement factor 8 to reflect the influence
of surface topography on electron emission. Research on
metal tips has focused in part on producing self-collimated,
coherent electron beams and has resulted in tips with a single
atom at their apex.”” It has been proposed that the field
emission from these structures would be nearly independent
of temperature up to several hundred degrees Celsius.® The
temperatures of the prior studies were well below the tem-
peratures examined in this study where thermionic emission
predominates over field emission. Additional testing with
silicon tips has been completed by several groups and similar
results have been re:ported.g’10 In contrast to these studies, the
results described here exploit the moderate enhancement
from a robust, easily producible tip array in contrast to the
extremely sharp tips employed for narrow energy range elec-
tron sources.

Ultrananocrystalline diamond films have been deposited
by microwave plasma-enhanced chemical-vapor deposition
using either a C60/Ar or CH4(1%)/Ar plasma that lead to
the generation of C, molecular precursors.!! These precur-
sors result in the growth of films with 2—5 nm grain sizes
and 0.3-0.4-nm-wide grain boundaries. Results indicate that
UNCD is predominately diamond phase material with less
than 5% of the film graphitic or amorphous phase as indi-
cated by selected-area electron diffraction.!> The presence of
the sp? bonds suggests that carbon is 7 bonded at the grain
boundaries. UNCD films exhibit a number of interesting ma-
terials properties, including enhanced field emission, and
electrochemical, as well as mechanical, tribological, and
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conformal coating properties suitable for micro-electro-
mechanical system devices.'!"!3

Electron emission microscopy can be used to image the
electron emission properties of a surface in a controlled
UHYV environment. In this system, electrons emitted from the
surface are accelerated through a potential of 20 kV and im-
aged with electron optics. This instrument can be operated in
a number of different configurations in order to investigate
electron emission originating from various mechanisms. In
its most basic mode, termed field-emission electron micros-
copy, the potential difference between the sample and anode
is the only mechanism which enables electron emission. At a
sufficient applied electric field the potential barrier width is
reduced making quantum-mechanical tunneling of electrons
into the vacuum possible. Illuminating the sample with UV
light (from a mercury arc lamp) is termed photoelectron
emission microscopy (PEEM). PEEM uses the photoelectric
effect to assist the ejection of electrons from the sample. In
this case, the electrons are emitted above the vacuum poten-
tial. The apparatus is capable of sample temperatures up to
1200 °C. True thermionic emission occurs when there is no
applied field. This process involves thermally excited elec-
trons which are emitted over the potential barrier at the sur-
face and into the vacuum. The operation of the electron
emission microscope requires a potential difference between
the sample and the anode in order to direct the emitted elec-
trons through the lens column. Therefore, imaging electrons
at elevated temperatures is termed thermionic-field emission
electron microscopy (TFEEM).

We have previously used electron imaging techniques to
examine emission from relatively flat N-doped polycrystal-
line films.'*!'> PEEM measurements of our MPCVD
N-doped polycrystalline diamond films show uniform emis-
sion over the whole sample surface with a fine textured
grainy structure that is similar to SEM images. No detectable
field emission below 400 °C is observed for these flat films.
As the temperature is increased, very uniform electron emis-
sion can be observed that increases in intensity with increas-
ing temperature. Heating above ~900 °C results in a signifi-
cant decrease in emission attributed to the loss of hydrogen
from the surface and an increase in the electron affinity. Pre-
vious studies of conformally coated UNCD tips showed
room temperature field emission at turn on fields as low as
1 V/pum with minimal dependence on coating thickness or
tip geometry.!! However, the films in this study exhibit be-
havior similar to our previously examined N-doped polycrys-
talline diamond films and do not exhibit field emission at
room temperature.

II. EXPERIMENTAL DETAILS

The preparation of the samples for this study consisted of
three separate steps: substrate preparation, pretreatment, and
growth of the UNCD film. The silicon tip array was pat-
terned using conventional photolithography and etching
techniques, producing ~1 um tall tips spaced ~2.5 um
apart. The pretreatment portion of sample preparation first
consisted of the deposition of a thin molybdenum layer over
the entire substrate. The 10 nm metal film was deposited by
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magnetron sputtering with an rf power of 100 Watts in an Ar
environment of 1072 Torr. This metal layer was intended to
assist in the seeding of the substrate and to enhance the
nucleation density of the diamond film. The substrate was
then seeded ultrasonically in a solution of methanol and
nanodiamond powder for 30 min. UNCD growth was carried
out in a microwave plasma assisted CVD chamber. The gas
concentrations during growth were 99% Ar, 10% N,, and 1%
CH, at a temperature of 800 °C and a microwave power of
1200 W. The deposition time was for 20 min resulting in an
expected film thickness of 100 nm.

Before and after the thermal experiments, each sample
was examined with Raman spectroscopy and scanning elec-
tron microscopy (SEM) in order to confirm the film structure
and to monitor any change due to the annealing process.
Visible Raman spectroscopy was first performed with a Ren-
ishaw Raman microscope in the backscattering geometry
with a HeNe laser at 633 nm and an output power of 25 mW
focused to a spot size of about 2 mm. A Hitachi s-4700 field
emission scanning electron microscope with an accelerating
voltage of 10 kV was used to image the preannealed
samples. Post anneal samples were imaged with a JEOL
Model JSM-6400F.

PEEM and FEEM measurements were carried out in an
Elmitec UHV photoelectron emission microscope. The field
of view of the instrument can be varied between 1.5 and
150 um with a resolution less than 15 nm and a base pres-
sure of 1 X 107'° Torr. A high voltage of 20 kV was applied
between the anode and the sample surface in order to accel-
erate the emitted electrons through the electron optics of the
microscope. The distance between the anode and sample sur-
face was between 2 and 4 mm resulting in an applied field of
between 10 and 5 V um~!. Electrons emitted from the
sample pass through a perforated anode and are imaged with
a fluorescent screen. A microchannel plate between the fluo-
rescent screen and electron optics intensifies the image and a
CCD camera records the data. In the PEEM measurements, a
mercury arc lamp was used as the UV light source. When the
light source was turned off and the emission is solely from
the high applied field, the emission mode was termed FEEM.
Sample heating up to 1200 °C is also available in the system
and, when employed, the measurements are termed TPEEM
or TFEEM, depending on the use (or lack of) photoexcitation
in congruence with thermal excitation.

III. RESULTS

Raman spectra of the films are shown in Fig. 1. The shape
of the spectra obtained from the nitrogen doped UNCD films
is similar to those of nanocrystalline diamond. There are sev-
eral identifiable peaks, the D-band peak at ~1340 cm™!, the
G-band peak at ~1556 cm™!, and an undetermined shoulder
at 1140 cm™! often associated with nanocrystalline diamond.
The D and G band peaks are attributed to sp>-bonded carbon
while the 1140 cm™! peak has been attributed to sp>-bonded
carbon, nanocrystalline diamond, or transpolyacetylene seg-
ments at grain boundaries and surfaces.'0-18

SEM images of the tip array and the individual tip struc-
ture are shown in Fig. 2. From these images, it is evident that
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FIG. 1. Raman spectra of the UNCD coated tip array before
annealing show characteristics peaks associated with nanocrystal-
line diamond. The D-band peak at ~1340 cm™', the G-band peak at
~1556 cm™!, and a slight shoulder at ~1140 cm™' are identifiable.
The sharp peak at ~520 cm™! is of the underlying silicon.

the UNCD film has completely covered the substrate and the
tip structures. The tips themselves can be estimated to have a
diameter of ~100 nm and a height of 1 wm yielding a geo-
metric field enhancement factor (h/r) of approximately 20.
SEM images before and after the thermal experiments are
also shown. No change in tip structure, geometry or compo-
sition is detectable after annealing to over 1000 °C.

A PEEM image of the UNCD tip array film at room tem-
perature is shown in Fig. 3. The image was obtained with
UV excitation from an Hg arc discharge lamp with a cutoff at
~5.1 eV. The image indicates photoemission from both the
tip structures and the flat background of the film. The emis-
sion is enhanced at the tips apparently due to the increased
local field. The photoexcited electrons in the conduction
band of the diamond are emitted into vacuum due to the
negative electron affinity (NEA) of the film. Prior research
has shown that the (100), (110), and (111) surfaces of dia-

FIG. 2. SEM of the UNCD coated Si array before annealing
indicates tips which are completely coated with the UNCD film (A
and B). The diameter of the tip is approximately 100 nm while the
height is 1 wm. SEM after the annealing experiments (C and D)
shows no change in coverage, shape, or structure of the film.
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FIG. 3. A PEEM image of the UNCD coated tip array at room
temperature. Emission is evident from both the flat areas of the
sample and the tipped structures. Field of view is 150 um.

mond exhibit a NEA when terminated with hydrogen.!*24

For a film with a negative electron affinity, the vacuum level
is pulled below the conduction band minimum (CBM) at the
surface. Electrons excited into the conduction band will be
released into vacuum without having to overcome an addi-
tional energy barrier.

At room temperature, very low intensity FEEM images
were only detectable when the CCD camera was integrated
for 30 s. The very weak emission is attributed to noise and
artifacts of the measuring system. As the sample was heated
above 600 °C, electron emission became evident. Tempera-
ture dependent FEEM images from 800 to 830 °C are
shown in Fig. 4. Significant detectable emission was ob-
served at 800 °C with emission originating from both the tip
structures and the flat background of the film, similar to the
PEEM imaging. An increase in the emission intensity is ob-
served with increasing temperature up to 830 °C whereby
there is significant degradation of the emission which we
attribute to the loss of the film’s NEA due to the desorption
of the hydrogen. These results are consistent with our prior
studies of nitrogen doped polycrystalline diamond films.!'%!3
After the desorption of hydrogen from the surface, the emis-
sion from most locations significantly decreases in intensity.

As the temperature is increased further, a second regime
of emission becomes evident starting around 900 °C, as
shown in Fig. 5. Electron emission from several tips is
clearly resolved and an increase in the number of emitting
tips, as well as intensity, is observed with increasing tem-
perature. Interestingly, emission is no longer detectable from
the relatively flat background of the sample. The emission
site density increases up to 1050 °C when almost all of the
tips in the array are detectable. A further increase in tempera-
ture may have resulted in damage to the imaging system and,
as such, was not explored. This high-temperature regime is
attributed to thermionic tunneling from N-defect states
through the lowered potential barrier of the tips. The field
enhancing geometry of the tips results in enhanced tunneling
at the higher temperatures. Unlike the initial thermionic field
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FIG. 4. Temperature dependent FEEM images of the UNCD coated tip array. A steady increase in electron emission with increasing
temperature is observed up to 830 °C. Electron emission is detectable from both the tips and flat background of the sample. The geometric
field enhancement effect results in stronger emission from the apex of the tips as compared to the background. After five minutes of exposure
at the elevated temperature, the emission degrades. This corresponds to a loss in the film’s NEA due to hydrogen evolution from the surface.

Field of view is 150 pm.

emission, this second regime does not rapidly degrade with
time. Several temperature sweeps were conducted in which
the sample was cooled to approximately 850 °C and re-
heated to 1050 °C. The emission characteristics were stable
in both intensity and density of emission sites. Unfortunately,
the present setup does not allow for emission current mea-
surements of specific regions of the samples.

IV. DISCUSSION

The presence of geometric structures on the surface of the
film complicates the explanation of the electron emission.
The barrier in a simplified vacuum potential approximation
can be expressed by the equation

V(z) = — (¢*/14z) — eEz (2)

which applies for z>0.% In Fig. 6 this expression is plotted
against the band diagram expected for nitrogen doped crys-
talline diamond materials possessing both negative and posi-
tive electron affinities. The electron affinities for the given
diamond surfaces were taken to be —1.3 eV for the hydrogen
terminated surface?® and +0.7 eV for the hydrogen desorbed
surface.?” Nitrogen doping has been shown to result in donor
states 1.7 eV below the conduction band,?® and diamond has

a band gap of 5.5 eV. We have assumed flat bands at the
surface.

The barrier lowering due to the local field at the tip and
flat surface can be calculated using

Viax = — 3.719E"2 eV, (3)

where E is in units of V/A and V,,, is equal to 0.53 and
0.12 eV below the vacuum level, respectively.””> Using our
experimentally applied field and the geometric enhancement,
the maximum potential barrier is determined to be 0.41 eV
less than that at the flat surface. In the case of hydrogen
passivation, in which the film possesses a negative electron
affinity [Fig. 6(a)], when electrons from either the tipped or
flat surfaces of the sample are thermally excited into the
conduction band, they experience no additional potential bar-
rier and are emitted into the vacuum. As the temperature is
increased, the number of emitted electrons, and the intensity
of emission, increases.

However, the adsorbed hydrogen layer has been shown to
be unstable at elevated temperatures.'* Once these tempera-
tures are reached, the hydrogen desorbs and the electron af-
finity is increased to a positive value of 0.7 eV [Fig. 6(b)].
The conduction band minimum is then located below the
vacuum level and, in the absence of an applied electric field,

1000° C

1050° C

FIG. 5. Temperatue dependent FEEM images of the UNCD coated tip array at elevated temperatures. After the loss of the film’s NEA,
temperature dependent field emission continues to be evident. As the sample is annealed to higher temperatures, strong electron emission is
observed from the tips of the array, and there is no longer detectable emission from the flat background of the sample. This emission is stable
and repeats with successive increasing and decreasing temperature sweeps. Field of view is 150 um.
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electrons occupying this energy level experience an addi-
tional potential barrier inhibiting their emission.

The electron emission characteristics of the UNCD coated
tip array film make it a candidate for inclusion in future
thermionic energy converting devices. The film shows spa-
tially controllable emission (i.e., uniform over the deposited
area) at relatively low temperatures as compared to conven-
tional thermionic emitters. The field enhancing geometry
would accelerate the emitted electrons more rapidly across
the vacuum gap and thereby reduce space charge effects.

V. CONCLUSIONS

The electron emission at elevated temperatures from
UNCD coated tip arrays has been examined with TFEEM.
The electron emission characteristics of the film are consis-
tent with other polycrystalline, nitrogen doped diamond films
at moderate temperatures.'*!> The emission consists of a uni-
form increase in intensity with increasing temperature due to
the negative electron affinity of the surface. Because of the
geometric structure, i.e., tipped surface, field enhancement

CBM U,

PHYSICAL REVIEW B 72, 165404 (2005)

FIG. 6. The potential barriers
of the geometric features of the
film are plotted versus the band
diagram of nitrogen doped dia-
mond for the case of a —1.3 eV
electron affinity (NEA) (a), and a
: +0.7 eV electron affinity (PEA)
45 ~Tp (b).
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effects enhance the emission at the protrusions. At a tempera-
ture of ~800 °C, the hydrogen passivation desorbs from the
surface of the film and the NEA is lost. This results in an
overall decrease in the emission intensity. With increasing
temperature, emission is again observed from the tipped
structures. This second regime is stable upon annealing
sweeps. The field enhancing geometry of the sample results
in a barrier lowering as predicted by the Fowler-Nordheim
equation. This barrier lowering, along with the ability to
counteract space charge effects, makes the field enhancing
geometry a promising candidate for thermionic energy con-
verting devices.
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