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Since the observation of carbon
nanotubes by lijima in 1991, there were
some further improvements in vacuum
electronics. In 1904, British scientist
John Ambrose Fleming first showed his
device to convert an alternating current
signal into direct current. It is so called
"Fleming diode". From 1907 to 1960,
the vacuum tubes kept on developing
and almost all kinds of vacuum tubes
which include the triode structure were
invested from 1950 to 1960. After the
investment of transistor, a large part of
vacuum tubes were replaced by bipolar

transistors or MOS  transistors.
Resulting from the import of
semiconductor processes, the
development of vacuum

micro-electronics became an important
field recently. Because of the high
mechanical properties, inert chemical
properties, low work-function, and high
aspect ratio, carbon nanotubes is one of
the most promising materials as the
emitters in the field emission device. In
our experiment, we use carbon
nanotubes in the triode structure and try
to increase the operating frequency by
increasing the thickness of insulator
under the gate electrode. We also use



the structure
photoresistance/Al/photoresistance  to
protect the devices from the etching of
RIE and remove catalyst metal from
unwanted arca. Besides, we found that
this device structure can suppress the
leakage current from cathode to gate
electrode.

Introduction

High frequency power microwave
amplifiers have been a subject of
research for number of years [1-2]. High
power  density of  devices is
characterized in the form of both drive
electron beam and output power. A high
current density and high operating
frequency are needed in a typical power
microwave amplifier. For a conventional
thermionic cathode generally can not
reach such current density and there are
some problems of noise which resulting
from the heating on emitters. Hence
many research groups try to design a
new structure, such as Spindt type [3]
silicon tips, or find some new materials
with small or negative work function,
diamond [4],

carbon [5], and carbon nanotubes [6-8]

such as diamond-like
to make a electron emitter without
heater.

Since the observation of carbon
nanotubes in 1991 by lijima [9], it has
been recognized as a very potential
material in many applications. One of
the most promising applications is to be
used as emitters in field emission

devices. Due to strong mechanical

properties, inert chemical properties,

negative work function, and high aspect
ratio, carbon nanotubes are expected that
it can gain a very high emission current
density with relative low electric field as
compare with conventional silicon tips.
There are many methods to synthesize
carbon however,
thermal-CVD at high temperature (>750

°C) [10] 1s one of the most possible way

nanotubes,

to fabricate a power amplifier device
with high current density and selective
growth of carbon nanotubes. Compare
with the method of printing, it can gain
better adhesion  between  carbon
nanotubes and the substrate which make
it possible to operate the devices at
higher electric field.
In our experiment, we use carbon
nanotubes as the emitters in the triode
structure [11] to improve the emission
current density. Than we increase the
thickness of insulator under gate
electrode to decrease the capacitance
between gate and the substrate. Here we
use a PR/AI/PR structure to protect the
from the etching of RIE

(reactive ion etcher) and remove catalyst

devices

metal (Fe) from unwanted area by
ultra-sonic in ACE. From the results of
emission current measurement, Wwe
found that leakage current between
cathode and gate can also suppressed

with thicker insulating layer.

Experiment Processes

First, we formed a 1 um thermal oxide

on n-type (100) silicon wafer with low



resistance (1-10 Q/cm2). A poly silicon
layer (200 nm) was
LP-CVD as the gate electrode on the

insulating layer. We used the method of

deposited by

lithography to define the pattern. After
that, RIE was used to etch poly-Si and
thermal oxide than we used E-beam
evaporation to deposit 5 nm Fe on the
wafer. We remove the catalyst metal on
PR by lift-off in ACE. Finally, we grow
carbon nanotubes in a thermal-CVD in
C2H4/N2/H2 (5/1000/400 sccm) mixed
gases at 700 °C for 20 min. The flow
chart of processes is shown in Fig. 1 and
the SEM image of the triode structure is
shown in Fig. 2.

After the fabrication of devices, we
measured the emission current density in
a vacuum chamber at 5x10-6 torr with
Keithley 237 high voltage SMU. The
curve of IA-VG is shown in Fig. 3. In
the measurement, we found that the
leakage current between cathode and
gate is very high for large part of
samples and the anode current decrease
with the increase of gate voltage. In the
SEM image in Fig. 4, the length of
carbon nanotubes is over the height of
insulating layer plus gate and it may
cause a short circuit between cathode
and gate. As the gate voltage increase, a
lot of electrons will be attracted to the
gate which results in the drop of
emission current.

To protect the device under the RIE
process (because the PR can not hold for
a very long time if the thickness of

insulating layer is too large) and achieve

the lift-off process with a very thick
insulating oxide layer, we wused a
PR/AI/PR layers on poly-Si gate. We
defined the pattern on the first PR layer
than used RIE to etch Al. After that, we
used RIE to remove the first PR layer
and etch the second PR layer. We used
Al layer as a hard mask to etch poly gate
and 3-um insulating oxide (1 um thermal
oxide plus 2 um PE-CVD oxide).
Continually, we deposited catalyst metal
(Fe) be E-beam evaporation and remove
PR/ALI by lift-off by ultra-sonic in ACE.
The flow chart of processes is shown in
Fig. 5. With thicker insulating oxide
layer, the capacitance between cathode
and gate, Cg, is greatly decreased (1/3 of
original capacitance, C=e¢/d) and the
operating frequency can be largely
improved (resulting from the
suppression of RC delay). Theoretically,
we can gain a power amplifier with
higher operating frequency. The image
of SEM is shown in Fig. 6. From the
data of measurement, the leakage
current between cathode and gate was

also suppressed from mA to uA.

Conclusions

In this paper, we proposed a novel
structure, PR/AI/PR layers, to make very
thick of insulating oxide layer possible.
With carbon nanotubes as emitters and a
very thick insulating layer between
cathode and gate, we can make a power
amplifier with high emission current

density and high operating frequency. It



can also suppress the leakage from gate
to cathode results from the short circuit

by over-long carbon nanotubes.
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Fig. 1 (a) grow 1 um thermal oxide on N-type
(100) silicon wafer and deposit 200 nm
poly-silicon by LP-CVD (b) pattern by
lithography and etch poly and oxide by RIE (c)
deposit catalyst metal by E-Gun (d) lift-off the
catalyst and grow CNTs by thermal-CVD in
C2H4/N2/H2 mixed gases at 700 °C

15.0kV 13.1mm x3.48k SE(U)

.OkV 13.9mm x5.00k SE(M)

Fig. 2 the SEM images of the triode structure
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Fig. 3 the relation between gate voltage and
anode current, the anode voltage is 600 V (the

electric field is 5 V/um)
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Fig. 4 It is difficult to control the length of CNTs
precisely and the over-long CNTs may cause a

short circuit between cathode and gate
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Fig. 5 (a) grow a 1 um thermal oxide on N-type

(100) silicon wafer, deposit 2 um silicon oxide
on thermal oxide by PE-CVD, deposit 200 nm
poly-silicon by  LP-CVD, spin on
photoresistance, and deposit 200 nm Al by
thermal coater (b) pattern by lithography and
etch the Al layer by RIE (c) etch poly-silicon,
PE-CVD oxide, and thermal oxide by RIE and
deposit catalyst metal (Fe) by E-Gum (d) lift-off
Al and Fe on the P.R. by ultra-sonic in ACE and
grow CNTs by thermal-CVD in C2H4/N2/H2

mixed gases at 700 °C
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Fig. 6 the SEM images of triode structure with

deeper gate hole



