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A field emission vacuum switch using vertically aligned carbon nanotubes grown by a direct current
plasma enhanced chemical vapor deposition is reported. Cathodes with optimized field emission
properties were evaluated in diode configuration as a test vehicle for the construction of a vacuum
power three terminal triode device. Limiting factors such as space charge effects involved with high
current densities(more than 10 mA/cfi) are also investigated using computer simulations.
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[. INTRODUCTION IIl. EXPERIMENT

Recently well-aligned carbon nanotubes have been ex- The growth process and the material characteristics of the
plored for field emissiolFE), electrochemistry and energy VACNT grown using a direct current plasma enhanced
storage applications.® There is great potential for a field chemical vapor depositiofdc PECVD system are reported
emission cathode, which could deliver high currefitore  in detail elsewherd’ Briefly, the VACNTs are grown at
than 10 mA in applications such as vacuum power switches700°C onto Ni coated Si or highly polished graphite sub-
and microwave tubeS: !t At large emission currents factors strates by initiating a dc glow discharge plasma gHgand
such as space charge effects within the electron beam, anotiiH; (ratio=75 sccm:200 sccm) at 600 V using an AE 1
material and anode design become important factors, whickW dc generator. The diode-type field emission measure-
need careful consideration. A power switch has to be able tonents were carried out using parallel plate configuration. A
block very high voltages in the off state. To be a viable ~0.3-um-thick evaporated metghigh purity Al) film on
alternative to present day solid state Si devices it must bglass was used as the anode plate. Emission from the sample
capable of blocking at least 20 kV, double the maximumedges was avoided by always using an anode that was
voltage rating of a Si device. In addition, the on state voltagesmaller than the cathode. The sample under investigation
across the power switch should be minimal when conductingcathod¢ was separated from the anode using high-quality
current in order to minimize the energy loss. The other re-optical grade quartz fiber spacers of known diameg&0
quirement is fast switching, which is an inherent advantageum). Special care was taken to keep the two fibers 2—3 mm
for a field emission based vacuum device. The anode to catlaway from the metal section of the anode to avoid any leak-
ode gap has to be large enough to block the high off statage current through the fibers. All measurements were ob-
voltage, which also allows a good vacuum to be maintainedtained using a Kiethley 237 source measure unit under com-
The cathode in a vacuum power switch must be able to deputer control within a LabView software suite. The field
liver high currents at low turn on fields. Field emissi@tE) emission properties were optimized by controlling the size,
from carbon nanotubes is possible at low applied electridength and the density of the nanotub@sg. 1). This was
fields due to their high aspect rafibThe maximum amount achieved by controlling the growth parameters such as the
of FE current reported from one multiwall nanotube isthickness of the catalysiNi or Co) layer, acetylene to am-
~0.1 mA, close to the theoretical limit of tube destruction monia ratio and the deposition temperatti@he field emis-
by resistive heating® Dean and Chalamala suggest that ansion properties of VACNTSs similar to those shown in Fig. 1
individual SWCNT exhibits current saturation above 100 nAare plotted in Fig. 2. Considering the requirements for the
and this current saturation was a direct result of the removagbower transfer, VACNT cathodes with optimized field emis-
of adsorbates which enhance field emission at higtsion properties were subjected to further tests. By using a
currentst* For measurements involving multiple tubes, Col- mask, anodes of several sizes were evaporated onto a glass
lins and Zettl attribute current saturation to interaction ofplate such that they could be individually biased to study the
electron beams emitted from neighboring nanotdBékhe  current scaling factor with area while keeping other param-
field emission characteristics of both MWCNTs and eters the same. The field emission current as a function of the
SWCNTs have been shown to exhibit Fowler—Nordheimanode area is plotted in Fig. 3. A schematic of the patterned
(FN) emission prior to saturation abovel uA.'® In addi-  Al/glass anode is also sketched in the inset of Fig. 3.
tion to their remarkable field emission properties, chemical A simulation study was carried out using the SILVACO
inertness and mechanical robustness make nanotubes proAFLAS!® device simulation software suite to understand the

ising as cold cathodes for high current applications. current limitation mechanisms. Although this software is de-
signed to simulate semiconductor devices, it has been modi-
3Electronic mail: nlr22@eng.cam.ac.uk fied to simulate current transport in a vacuum by adapting
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Fic. 1. Nanotubes’ growth on varying
initial Ni thickness.

the field dependent parameters. First, a material having thency of 60% and a highly polished large graphite anode.
same properties as vacuum, zero conductivity and dielectrithe VACNTs cathode was patterned into a 1-mm-diam cir-
constant of one, was defined. Then the VACNT structure wasular area. The extracting grid was separated from the cath-
constructed with a cathode having a single nanotube of 208de by a 18Qum-thick quartz plate havina 2 mmhole. The

nm diameter and Lm high on a metal substrate. Then elec- cathode grid and cathode—anode spacing wereud8@nd 1

tron transport properties experienced by electrons in anm, respectively. Triode FE properties were examined by
vacuum were accounted for by calculating the mobility ofkeeping the anode voltage const&b00, 800 and 1100 V
electrons as a function of potential with respect to the posiand measuring anode and gate currents as a function of the
tion. Space charge effects in vacuum are accounted fagate voltage.

through solution of the computed Poisson-drift equations. All

diffusion current was suppressed by defining the simulationll. RESULTS AND DISCUSSION

temperature to be O K. The Fowler—Nordheim equation was 1. nanotubes’ growth on varying initial Ni thicknesses

used to simulate electron emission into the vacuum via th@, o« an increase in the average tube diameter from
nanotube. The simulatdd-V results from a single nanotube _ 54, (0.5 nm Ni film) to ~400 nm (9.0 nm Ni film)

with inter-electrode spacing of 200m are shown in Fig. 4. Moreover, the average tube height also decreased fr@n
The triode construction consisted of a cathode of VACNTs ’

with optimized field emission propertigsletermined from
diode measurementsn a highly polished graphite substrate, T RN
a Ti extracting grid(2 mm in diameterwith 50 um square I

holes separated by 1&m grid walls(giving a total transpar-
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Fic. 2. J—E field emission characteristics measured in diode configurationFic. 3. Actual anode current vs the anode area. A schematic of the Al/glass
of the nanotubes in Fig. 1. anode is shown in the inset.
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porize. The vaporization of the Al thin film serving as the
anode is not surprising when noting that the total power dis-
sipation through the anode is several wags8 W).

Computer simulation of the diode structure was carried
out using a single(20-nm-diam, 1um heigh} nanotube
— placed in the middle of a 6@m aperture. The simulations

- were carried in two dimensions. The anode cathode gap was
24 set to 200um, the same as that used in our experiments. In
/ 3(c) order to gain insight into the current saturation phenomena,
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4 which apply in a nanotube emitter, the emission from the
74 3(b) simulated NT was adjusted by changing the emission barrier
’:’3(a) in the FN expression to obtain the same curr_ent density (

by versus voltageV() curve as measured in experiméhig. 2).
An emission barrier of 0.3 eV gave similar current density
characteristics as those observed experimentally. Alterna-
tively, it was possible to use a small sub-nm scale feature on
the NT tip to enhance the local surface fiéligh on a tip and
obtain the same current density via 5 eVbarrier, that of
graphite. The former was performed as it did not add the
computational overhead by requiring ultrafine mesh points to
T T resolve sub-nm features. The important point to note is that
0 200 400 600 800 1000 1200 1400 here the simulation is used to study current saturation due to
beam phenomena after field emission in the vacuum gap and
not the actual emission mechanism. The calculaied/
Fic. 4. Simulated)—V characteristics from a single nanotube. The electron CUTVe is shown in Fig. 4. The electron beam profile and den-
concentrations were calculated at points markad (b), and (c) on the  sity were calculated at points labeled as a, b and c in Fig. 4.
curve. The electron beam profile and concentration from the calcu-
lated J-V positions marked in Fig. 4 are plotted in Fig. 5.
The electron beam profile is presented graphically in Figs.

the nanotube density decreased frome® to 1F cm™ 2 with 5(a), 5(c), and Fe) with the gray scale indicating the electron
an increase in the Ni film thicknes From the field emis- Path along the vertical towards the anode. The actual number

sion results measured in the diode configuration plotted il’?f electrons along the a”‘?de plaryes 0 um, are plotted in

Fig. 2, the most uniform and aligned nanotubes grown on 1.§195- 30), 5(d), and §f). It is clear that before current satu-
nm of Ni showed the poorest emission properties with thd@tion[point(@) in Fig. 4], that even at the maximum e-beam
highest turn on voltage and the lowest saturation current derfiéfocus positiorithe anode planehe electron density drops
sity (0.1 mA/cn?). This is due to closely packed and uni- to zero b'efo.re the vertical boundar'les of the §|mulat|on
form height of the nanotubes screening the electric fieldSPace. This implies, because reflecting boundaries are as-
Some improvement in emission properties can be seen froiHMed. that there is no interaction of the electron beams from
the nanotubes grown on 6 and 9.5 nm Ni films with a loweradjacent emission sites Gn away. As the anode voltage is
turn on voltage and saturation current density of 5 mA&/cm Increased and thé-V curve enters saturatigpoints(b) and

Best field emission properties were seen from short nand) in Fig. 4], the electron density at the vertical boundaries
tubes grown on an initial Ni film thickness of 4—5 nm, with Starts to become significarifigs. §b) and §d)]. This is

the lowest turn on voltage and the highest saturation curredfdicative of beam interaction from neighboring emitters,
density ~ 10 mA/cn?.® It can be seen from Fig. 2 that the and hence the onset of a space charge saturation. The in-
field emission current does not saturate at the same value aéease in current density is now not sustained by higher ve-
also, since no series resistor was used in the diode circuit, tHecity of the electrons arriving at the anode, but rather an
saturation seen here was not due to any external effect. Adncrease in the density of electrons at the anode. This current
ditionally, the measured room temperature resistance fosaturation mechanism due to the interaction of emitting
these MWCNTs was-3 KQ?° and, therefore, too small to beams is a major advantage for vacuum power switches. It
limit current at the levels observed in field emission. Theprovides a mechanism of “natural” current limiting which is
field emission current as a function of anode afem. 3)  important for the short circuit safer operation of a power
shows a linear variation. This is a clear indication of emis-switch. It is interesting to note that in the saturated region the
sion being adequately uniform for scaling to higher currentscurrent density can be fitted byJa= kV" relationship where
From the diode results it is clear that the nanotubes with th@=5/2. Since this is also what is observed in experiment, it
best field emission properties also start to show emissioguggests that the saturation mechanism from multi-emitter
current saturation- 1 mA/cn?. At the high current densities FE cathode does not conform to the classibalkV®? rela-
measured here, the Al on glass anodes were observed to vi@enship used in single emitter thermionic cathodes.

Log anode current density (A/cmz)
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to ~ 3 um with the increase in Ni film thickness. In addition,
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Fic. 5. Representation of the beam profile and electron defaitgnd (b) before saturatioric) and (d) when emission starts to saturate dedand (f) after
saturation.
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collected by the anode in this configuration. The grid current

. , . 3
10_7 anode voltage = 500V (a)1§ saturation for all anode voltage values occurred~dt uA

10 ¥  and 4.4 Vum. However, it is difficult to calculate a current
10° 1 density due to the high transparency of the grid. Whereas
10° 1 when the anode voltage was 500 V, even the electrons with
10" —O—anode C“"e"ti highest energy were unable to reach the anode. Further in-

—&— grid current

i1

crease in anode voltage to 1100 V allowed more electrons to
L . L reach the anode at higher velocities, leading to an increase in
E the anode current. The saturation of the anode current seems
(b)} to be due to the inability of additional electrons to pass

- through the grid. Otherwise the increase in grid voltdges-

ering of anode-grid fieldshould result in a decrease of anode
current. However, the grid field could also give the electrons

field emission current (A)

-9

10 —o—anode current 3 a velocity parallel to the anode plane, causing the electron

107 —®—grid current beam to spread. The simulation results confirm this and show

10" L . 1 1 that having a grid or a gate without some sort of a focusing
E grid allows the electron beam spread. Based on the simula-

107 (°)1; tion work performed by Laret al. on gated Spindt tips, it is

107 1 likely that a coaxial-type focusing structure will give the best

10° ]  result? More simulation and experimental work is needed to

10° 1 focus and reduce the electron beam diameter to avoid losing

—o— anode current 3 current to the control grid in an optimized device.

o —e—grid current
10" § . . ' . . E
400 600 800 1000
grid voltage (V) IV. CONCLUSIONS

F ) . - ) . It is shown that the best field emission properties from
1G. 6. Field emission characteristics of the triode structure as a function of . . .
the grid voltage(swept from 400 to 1100 Vand keeping the anode voltage Carbon nanotube cathodes are obtained when their heights,
constant ata) 500 V, (b) 800 V, and(c) 1100 V. diameters and spacings are optimized. Field emission cur-
rents as high as 10 mA have been obtained from 1cm
X 1 cm vertically aligned CNT cathodes with optimized pa-
Field emission characteristics from the triode structure exrameters grown using dc plasma C\iDsitu. The threshold
periment are shown in Fig. 6. A large grid-cathode separatiofield for the VACNT cathodes is typically 2 Wm. Cathodes
(180 um) was selected to avoid any contact with the nano-using carbon nanotubes with optimized electron emission
tubes and to avoid a complicated device fabrication procesgharacteristics were used to construct a vacuum power diode
Since the turn on fields for this type of cathode wereand three terminal triode devices. We have found that in
~2-3V/um, this grid-cathode separation was enough toorder to obtain large emission current ofl0 mA, space
extract a reasonable amount of electrons. Anode cathodgharge effects within the electron beam must be taken into
separation was kept at 1 mm. When the grid voltage wasaccount. The space charge forces cause the beam to spread
increased from 400 to 1100 V keeping the anode voltageadially. This beam spreading leads to interaction of the elec-
constant at 500 V, no anode current was obseffagl 6(a)]. trons emitted from different points on the cathode plane. This
When the anode voltage was increased to 800 V some anod@am interaction leads to an effective current saturation
current (~0.1uA) was measuredFig. 6(b)]. The anode mechanism in multi-emitter FE cathode devices. Reduction
current was about one order of magnitude less than the gridf the beam spreading has to be achieved in an optimum
current (~1 wA). The maximum anode current 6f0.3 A vacuum switch designed for blocking high voltage and hav-
was measured at a grid voltage of around 800 V and a slighihg higher on current at low anode voltage.
decrease in anode current was seen for grid voltages higher
than the anode voltage. This is attributed to the negative
potential gradient imposed by the grid so that only electrons . 1. Merkulov, D. H. Lowndes, Y. Y. Wei, G. Eres, and E. Voelkl, Appl.
with sufficient energy are able to reach the anode. Further phys. Lett.76, 3555(2000.
increase in anode voltage to 1100 V showed an order of ?A. C. Dillon, K. M. Jones, T. A. Bekkedahi, C. H. Kiang, D. S. Bethune,
magnitude increase in anode currentid uA [Fig. 60 4. % Heben ebonan sse Srdeon, L
Although a small decrease in grid current with the increase in 76, chem. Phys. LetR07, 153(1999.
grid voltage was seen, the current gain was one. When no‘c. M. Niu, E. K. Sichel, R. Hoch, D. Moy, and H. Tennent, Appl. Phys.
gate voltage was applied, the anode current was found to beSLett- 70, 1480(1997.
below the noise level at the maximum applied anode voltage. iég'gga(g%%be' G. Wallace, and R. H. Baughman, J. Electroanal. Chem.
Field emission characteristics of this simple triode Structure eg rrackwiak, K. Metenier, V. Bertagna, and F. Beguin, Appl. Phys. Lett.
show that at maximum only 50% of the emitted electrons are 77, 2421(2000.
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