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Carbon nanotubes (CNTs) are found to have a pétential as excellent field emitters because of their
remarkable electrical and mechanical properties. In spite of the work carried out in the CNT emitters
field, achieving a high current density along with a total high emission current from a CNT emitter is
still said to be a challenging job. It is because at a high current operation of an emitter, an emission
current is in general limited by disappearance of CNT's from a substrate under a high electric field due
té a weak bonding between CNTs and a substrate, a high contact resistance and a low thermal
conductivity of CNT junction. Along with this a screening effect provoked by proximity of CNTs on an
emitter also results in the limitation of a high emission current.

The work carried out in this thesis was focused on two main goals. One is to overcome these
obstacles by improving a quality of rooting of CNTs into a substrate. The other is to enhance an edge
effect, in which a higher emission current is expected to achieve from CNTs located at edges of an
emitter as compared to that in the center because CNTs located at edges might experience a weak
screening effect. In order to achieve this enhancement of the edge effect, fabrication of a field emitter
array containing many small equidistant circular emitters was proposed.

Fabrication techniques of mainly two kinds of CNT field emitters, viz., a continuous film emitter
(CFE) and a field emitter array (FEA), were developed in this work. A CFE was fabricated by
depositing a titanium (Ti) thin film on a tantalum (Ta) base followed by dispersion of CNTs on Ti/Ta
using a falling drop method and rooting of dispersed CNTs into a Ti film at a high temperature.
However the small number of CNT coverage of around 50%, which is a ratio of an effective emission
area to a total area of a substrate, was found in the CFE fabrication due to non-uniform dispersion of
CNTs with the falling drop method.

In order to improve the CNT coverage and uniformity, an electrospray technique, in which CNTs
are electrostatically charged and attracted towards a grounded substrate, was tried for CNT dispersion.

As a result of it, the coverage was improved to ~70% and uniform CNT film could be obtained with a
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- small size of CNT bundles, isolated and longer CNTs. This technique was applied to make a CNT
emitter for the first time worldwide.

In fabrication process of a FEA, equidistant small circular Ti islands were deposited instead of a
Ti film by setting a mask on a Ta base and CNTs were rooted at a high temperature into the Ti islands
to form circular emitters of CNTs. The CNTs were dispersed using the falling drop method. However it
was found that at a high temperature CNTs were strongly rooted not only into Ti islands but also into a
Ta base where CNT rooting had to be avoided. To avoid rooting of CNTs into Ta it was attempted that
a FEA was fabricated at a comparatively low temperature. However, a low temperature rooting showed
reduction of CNT coverage down to ~15% on Ti islands. In order to solve this antinomy and root CNTs
only into Ti islands at a high temperature, a substrate was modified.

A substrate for a FEA was modified by depositing a TiN film on a Ta base followed by
deposition of Ti islands on TiN/Ta. A TiN coating allowed rooting of CNTs into Ti islands at a high
temperature and stopped rooting of CNTs into a Ta base. A TiN film was used in FEA fabrication for
the first time in the world.

The all kinds of emitters prepared under the different conditions discussed above were tested
under an applied DC voltage. An emission current of 20.4 mA with an effective current density of 1.2
Alem® calculated by consid.ering an effective emission area only was measured from a CFE prepared
by the falling drop method. An emission current was significantly improved in case of a CFE prepared
by the electrospray technique due to easy erection of CNTs. Reasons for the easy erection might be that
the electrospray brought existence of more isolated and free-end CNTs and consequently longer and
flexible CNTs although many CNTs lying on a substrate surface were found in the falling drop method.

A significantly better current density of ~13 A/cm® at 7 V/um compared to 1.2 Alen?® for the
CFE at the same field of 7 V/um was achieved from both the FEAs prepared on a Ta base at high and
low rooting temperatures. However a lower emission was achieved from a FEA rooted at a low
temperature due to the small CNT coverage. The achieved high current density above in a FEA gave an

evidence of the successful enhancement of the edge effect.
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A series of FEAs on the TiN coated substrates were fabricated at a high temperature to optimize
both pitch and diameter of circular emitters so as to get an adequate combination of the strong edge
effect and an effective emission area in a FEA. According to experimental results of pitch optimization,
the strongest edge effect corresponding to the highest effective current density was observed when the
edge-to-edge distance between circular emitters was >150 pm. A diameter of 50 pm was found better
than other bigger diameters of 100 and 200 pm to achieve a high emission current. The highest
emission current was achieved from the FEA having circular emitters in a diameter of 50 pm and a
pitch of 120 pm. A high emission current of 47 mA with a current density of 30.5 Alem® was measured
at 7 V/um from this FEA. The FEA with circular emitters in a diameter of 50 pm and a pitch of 120
um was accompanied by an adequate combination of an effective emission area and the strong edge
effect.

The finite element method was tried to perform electrostatic simulation for evaluation of electric
field distributions on modeled FEAs in different diameters and pitches. The field distribution on
different FEA pitches shows negligible interference of circular emitters on each other for the edge-to-
edge distance of >150 pm that was matching with the experimentally optimized distance for the
strongest edge effect. Simulated electric field distributions on circular emitters of different diameters in
a distance also expressed that a smaller circular emitter itself acts as a macro scopic sharp emitter.

Excellent sfability of a CFE, a FEA rooted at a low temperature and a FEA with a TiN coated
substrate was demonstrated by performing lifetime tests in a constant current mode for over 2020, 1007
and 2948 hours, respectively. Electric fields were increased by 3.5% and 15% during elapsed time in
case ofthe CFE and the FEA rooted at a low temperature, respectively, whereas in case of the modified
FEA, an electric field was decreased to 2.5%. The decrease of the electric field might be a result of slow
erection of CNTs.

In addition to above achievements CFEs and FEAs were tested in a pulse mode in a combined
diode-RF electron gun at Paul Scherrer Institute (PSI). Field emission of CNT emitters was observed at

5-30 V/pum, using a 250 ns FWHM long pulse with a peak voltage of 80-470 kV. A nano Coulomb of
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charge was extracted from a CFE and an emittance of 4 mm mrad was measured with a 2 pC electron
beam.

As a conclusion, the electrospray technique was found to be a better technique for dispersion of
CNTs applied in case of a CFE to improve CNT coverage and film uniformity. A FEA could be
fabricated with improved rooting technique and quality at a high temperature owing to modification of
a substrate by depositing a TiN film on a Ta base. Excellent field emission results were achieved from a
FEA, which were much better than that for a CFE, were achieved as a consequence of the strong edge
effect based on optimized values of a diameter and a pitch of circular emitters. A CFE tested in the
diode-RF electron gun showed good field emission stability and a charge of a nano Coulomb was

drawn from the CFE. A beam emittance of 4 mm mrad was measured at 2 pC charge.
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