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Most long-range telecommunication systems are based upon microwave links. The transmitters use
microwave amplifiers which in the very near future will be required to work at up to 30—100 GHz
with output power in the region of a few tens of watts. Carbon nanotubes (CNTSs), which exhibit
extraordinary field emission properties because of their high electrical conductivity, ideal high
aspect ratio whisker-like shape for geometrical field enhancement, and remarkable thermal stability,
can be used as the emitter in such applications. This article will describe the plasma enhanced
chemical vapor deposition growth of vertically aligned carbon nanotubes, and how well controlled
arrays of such structures can be grown. We will also describe how high current densities of
~1 A/cm?, under direct current and 1.5 GHz direct modulation, can be obtained from CNT
cathodes. These CNT cold cathodes offer considerable weight and size savings over conventional
hot cathodes used in microwave applications (e.g., SATCOM, radar). © 2006 American Vacuum

Society. [DOIL: 10.1116/1.2161223]

I. INTRODUCTION

Most long range telecom systems utilize microwave trans-
mission links. With requirements for higher bandwidth and
more channels, these microwave links are increasingly using
the 30 GHz and above frequency range. In order to satisfy
the power (tens of watts) and bandwidth requirements
(30 GHz) for long range communications, satellites are using
traveling wave tubes (TWTs) based on thermionic cathodes.
Traveling wave tubes, however, are bulky and heavy, and
take up valuable space and weight budget in a satellite. Any
miniaturization of the current TWT would give rise to cost
savings in a satellite launch, and aid the implementation of
microsatellites. Solid state devices are not used in this high
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frequency, high bandwidth regime (see Fig. 1) because the
maximum power attained by solid state devices today at
30 GHz is about 1-10 W.

Attempts have been made to replace the hot thermionic
cathode in a TWT with a Spindt tip cathode—however, the
bulk of the TWT device is still there, since it is the tube (in
which the electron beam modulation takes place) that is
physically large. The most effective way to reduce the size of
a TWT is via direct modulation of the electron (e) beam, for
example, in a triode configuration. Cold cathodes with the
ability of being modulated at 30 GHz do not presently exist.
“Spindt tip” technology suffers because it employs an inte-
grated grid system where the spacing between the cathode
and grid is filled with an insulator (typically SiO, or Al,0O3),
which leads to high capacitance (due to short cathode-grid
distance and permittivity of the dielectric), and hence, they
could only be used to provide the primary [direct current
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FiG. 1. Power/frequency diagram of solid state and electronic tube device.

(dc)] beam of a TWT. In the case of a carbon nanotube
(CNT) array, the grid is not integrated and can be located at
a standoff distance of 10—100 um from the emitters where
the space between emitter and grid is vacuum with a conse-
quent reduction in grid/cathode capacitance of the order of
20-50 times, allowing for high frequency operation of the
grid. The European Commission funded project CANVAD
aims to develop gigahertz field emitter devices based on such
directly modulated CNT cathodes. A schematic of a triode-
type amplifier is shown in Fig. 2. To be competitive with
thermionic cathodes, the CNT cathode should deliver current
densities in the range ~1-2 A/ cm?; in real terms, a few
milliamperes of directly modulated current is required which
can be accelerated over a few kilovolts to the anode to give
the tens of watts required in a telecommunications amplifier.

Il. EXPERIMENT

Typical “spaghetti” type CNT films cannot produce the
emission current densities required. We need to produce
aligned arrays of CNTs (see, for example, Fig. 3) in order to
obtain the required emission current densities as described
recently by Milne er al.'

In order to produce these arrays, well defined Ni catalyst
dots are deposited on top of a TiN barrier layer using e-beam
lithography. Typically, we use Ni dots of 100 nm diameter
which produce CNTs of diameter ~50 nm as previously
reported.2 In order to produce the vertical aligned structures,
a plasma enhanced chemical vapor deposition (PECVD) pro-
cess as described previously3 is required. In house, we have
a variety of systems based on dc-PECVD which are capable
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FiG. 2. Schematic of a CNT based vacuum microwave amplifier based on a
rf triode.
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Fi. 3. Highly uniform vertically aligned CNT arrays with typical standard
deviation of 4% in the diameter and 6% in the height.

of growing such vertically aligned carbon nanotubes. Figure
4(a) below shows a high power (200 W) PECVD system
which uses plasma heating to achieve the CNT growth at
high induced temperatures. Figure 4(b) shows a low power
(<20 W) PECVD system that uses a substrate heater to
achieve CNT growth at elevated temperatures. In addition to
these two systems demonstrating the high power/lower
power PECVD ends of the process, we also have low-
charging/non-dc PECVD versions of CNT growth systems
developed for growth on insulating materials such as sub-
strates coated with SiO,, glass, and ceramics. Typical growth
conditions can be found in Ref. 3.

Using optimized arrays of such nanotubes with heights of
5 pm and diameter 50 nm and a spacing of 10 um we have
obtained an emission current of 2.5-3 mA over 500
X 500 um? at both dc and 1.5 GHz radio frequency (rf)
modulation (corresponding to 1 A/cm?) as shown in Figs. 5
and 6 (see Ref. 4).

Our high emission current/current density is a result of
two factors—first, our nanotubes are extremely uniform in
structure, leading to a narrow field enhancement distribution.
This allows us to simultaneously turn on most of the emitters
simultaneously to attain a high peak current. Second, the
cathodes undergo a rapid thermal annealing step at 850 °C,
prior to integration into the devices. This has a twofold effect
in improving the crystalline structure (i.e., reducing the in-
trinsic resistance) of the CNTs and also reducing the contact
resistance between the CNT/TiN/substrate (Ref. 5).

(b) Low plasma power CNT-PECVD

(a) High plasma power CNT-PECVD

FiG. 4. CNT PECVD systems (a) high plasma power and (b) low plasma
power.
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FiG. 5. Emitted current vs applied field.

Furthermore, a higher emission current density can in
theory be attained by maintaining the same aspect ratio but
by having a smaller diameter CNT with shorter length—this
causes less voltage drop (and also less heating) across the
CNTs. We are presently adopting a variety of strategies to
achieve this. One particular method is to deposit the CNTs
under the same lithographic conditions, which previously led
to a 50 nm tip diameter, but then to carry out a post deposi-
tion etch using NH; at 700 °C, similar to the process de-
scribed in Ref. 6. As shown in Fig. 7, the tip diameter has
been etched from 50 nm down to 30 nm. The height of the
structures is directly proportional to the growth time, and this
is controlled to be in the 3 wm range to maintain the same
aspect ratio as the previously tested CNTs of 50 nm diameter
and 5 um height. Work is also currently underway to design
a 30 GHz triode based on a directly modulated CNT cold
cathode (Refs. 7-20).
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FiG. 6. Current density vs area of our CNT cathode and other reported CNT
cathodes.
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FIG. 7. (a) Low magnification view of a CNT which has been etched with
NH; at 700 °C. (b) High magnification view shows that the tip of the CNT
has been etched to ~30 nm in diameter.

lll. CONCLUSIONS

We have investigated CNTs as the electron emitters for
high current/high frequency microwave amplifiers. By care-
ful optimization of the shape and distribution of the CNT
arrays we have obtained emission current densities of
1 A/cm? at dc and 1.5 GHz. Work is in progress to develop
a triode operating at 30 GHz and to further increase the
emission current density.
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