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Application of carbon nanotubes as electrodes in gas discharge tubes
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Gas-tube protector units are used in telecom network interface device boxes and central office
switching gears to provide protection from lightning and alternating current power cross faults on
the telecom network. Current gas discharge tUB®T) protector units are unreliable from the
standpoint of mean turn-on voltage and run-to-run variability. Molybdenum electrodes with various
interlayer materials were coated with single-walled carbon nanotubes and analyzed for both electron
field emission and discharge properties. A mean direct current breakdown voltage of 448.5 V and
a standard deviation of 4.8 V over 100 surges were observed in nanotube-based GDTs with 1 mm
gap spacing between the electrodes. The breakdown reliability is a factor of 4—20 better and the
breakdown voltage is-30% lower than the two commercial products measured. The enhanced
performance shows that nanotube-based GDTs are attractive overvoltage protection units in
advanced telecom networks. @000 American Institute of Physid$S0003-695(00)03613-5

Gas discharge tub@DT) protectors, usually consisting turn-on fields. Recent experiments have reported turn-on
of two electrodes parallel to each other in a sealed ceramielectric fields in the range of 1.5—3 Mh 3> The nanotubes
case filled with a mixture of noble gases, are one of theemitters, especially the SWNTSs, are capable of producing
oldest methods used to protect against transient overvoltagetable electron emission with a current density exceeding 4
in a circuit® Primarily, GDTs are used in telecom network Alcm? (Ref. 5 which make them attractive cold-cathode ma-
interface device boxes and central office switching gears tterials for microvacuum electronic applications. As-
provide protection from lightning and alternating curréan) synthesized SWNTs are in the form of either free-standing
power cross faults on the telecom network. Gas tubes araat or powder, unsuitable for device applications. We have
designed to be insulating under normal voltage and currerprocessed the raw materials to uniform films by a spray
flow. Under large transient voltage, such as from lightning, anethod® Adhesion between the substrates and the films is
discharge is formed between the metal electrodes, creatingenhanced by introducing either a carbon-dissolving or a
plasma breakdown of the noble gases inside the tube. In trearbide-forming metal interlayer. In this letter, we report the
plasma state, the gas tube becomes a conductor, essentiagdfjects of carbon nanotube coating on the performance of the
short circuiting the system and thus protecting the electricagas discharge tubes. The direct currefg) breakdown volt-
components from overvoltage damage. Gas tubes are robugges of GDTs fabricated using SWNT-coated electrodes
moderately inexpensive, and have a relatively small shurivere measured and compared with commercial GDTs. A sig-
capacitance, so they do not limit the bandwidth of high-nificant reduction in the breakdown voltage and voltage fluc-
frequency circuits as much as other nonlinear shunt compduation (over 1000 surggswas observed for the nanotube-
nents. Compared to solid state protectors, GDTs can carfyased GDTs as compared to typical commercial devices.
much higher currents. However, current GDT units are un-  The SWNT materials used in this study were fabricated
reliable from the standpoint of mean turn-on voltage andJsing the laser ablation system which has been described
run-to-run variability. Because of the relatively high electric €lsewheré. The raw material was purified first by reflux in
field required for plasma ignition in conventional GDTs, a 20% HO, solution at 100 °C, then by filtration in methanol
small gap distance is often required. Small variability in the@ssisted by ultrasonic agitatiéThey were then dried under
gap spacing during processing relates to large variability iit0 ° Torr vacuunt. The purified materials were character-
breakdown voltage. ized by transmission electron microscofygM) and x-ray

Single-walled carbon nanotubéSWNTS fabricated by diffraction measurements. They were found to contain 80%—
the laser ablation process have a tube diameter of 1-2 n$P% single-walled nanotube bundles with a bundle diameter
and a bundle diameter of 1030 FriTheir geometric prop- ©f 15-30 nm and average nanotube diameter of 1.4 nm. The
erties give rise to a large local electrical field enhancemeriimpurities included nickel and cobalt catalysts, and graphitic

factor (~1000 and therefore low electron field emission nanoparticles. Figure 1 is a representative TEM micrograph
of purified SWNTs. Molybdenum electrodé€3/4 in. diam-

eter disk were first coated with a thin lay€50 nm) of either
tplatinum, aluminum, or iron using either ion sputterifiR})

dpresent address: Advanced Material Concepts, 3916 Yateswood C
Raleigh, NC 27603.

bElectronic mail: stoner@physics.unc.edu or thermal evaporationAl, Fe). Purified_ SWNTs were
9Electronic mail: zhou@physics.unc.edu sprayed onto the substratelectrodes will be denoted as
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FIG. 1. Transmission electron microscope image of purified single-walled

nanotube bundles after purification. FIG. 3. Mean dc breakdown voltage and standard deviation of a GDT using
annealed SWNT/Fe/Mo electrodes at various argon pressure. Ten surges
were performed at each Ar pressure.

SWNT/M/Mo, M=Al, Fe, or P}. Some of the electrodes
were annealed for 0.5 h ab&10° Torr vacuum at 650, 850, essentially linear, confirming that the results are indeed due

and 1150°C, respectively for the ones with Al, Fe, and Ptg electron field emission. The emission turn-on voltéde-
interlayer. Measurements were performed on both unanfined here as the voltage for a total emission current el
nealed and annealed samples. 5600 V(1.2 V/um) for annealed SWNT/Fe/Mo and SWNT/
Electron field emission properties were measured in they1/mo electrodes, 660 1.3 V/um) for the unannealed
parallel plate geometry at 16 Torr vacuum and a fixed SWNT/Fe/Mo electrode, and 1260 2.5 Vium) for the
anode-cathode distance of 5Q@m. The nanotube-coated annealed SWNT/Pt/Mo electrode. These values are compa-
electrodes were used as the cathode and plain Mo substratehle to the results reported for free-standing SWNT fnats
as the anode. Bipolar GDTs were fabricated with the samgnd SWNTs deposited directly onto Si wafér.is worth-
type electrodes as both the cathode and the anode. The dighile to note that the present results are based ortatae
tance between the electrodes was fixed at 1 mm by a ceramigyrrent collected over a considerably larger emission area
spacer. The discharge tubes were filled with different noblq2_8 cnf) than those used in the previous studid4.The
gages and sealed. The dc breakdown voltage was measureditical electrical field for 1 mA/crh current density is 1.7,
over 1000 surges. For comparison, off-the-shelf commerC|a¢_3, 2, and 3 Vm for the annealed SWNT/Fe/Mo, annealed
GDTs with the same electrode—electrode distance as theywNT/Al/Mo, unannealed SWNT/Fe/Mo, and annealed
nanotube-based devices were also measured. SWNT/Pt/Mo electrodes, respectively. The difference in the
The field emission data are shown as theal emission  critical emission field between the electrodes with different
current(from the 3/4 in. diameter nanotube-coated electrodemetal interlayers could be due to the effects of back contact
versus the applied voltage in Fig. 2. When plotted a8V petween the nanotube emitters and the substrates or simply
vs 1N (Fowler—Nordheim plot® the data are found to be sample-to-sample variation.

Direct current breakdown voltage of the GDTs was

6000 ‘ ‘ - ; found to depend strongly on the noble gas and the gas pres-
o —e swmAInG gl sure. Figure 3 shows the result from a GDT with two an-
5000 {Samme T g 9 : nealed SWNT/Fe/Mo electrodes at various argon pressure.
2 g -ul Ten surges were performed at each pressure. The figure
5 4000 -3 1 1 shows the mean breakdown voltage and the standard devia-
A T tion. The most reliable breakdown was observed at 0.5 Torr
% 3000 ¢ Wy | Ar. The voltage was lower at higher Ar pressure and reduced
§ 2000 | further yvhg_n a small amount of neon was added. _
£ Reliability tests were conducted on a GDT fabricated
© 1000 | using annealed SWNT/Fe/Mo electrodes. The GDT was
filled with 15 Torr argon with neon added & 1 mm gap
between the electrodes. Figur@yshows the dc breakdown
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voltage of a nanotube-based GDT measured over 100 surges.
Applied voltage (Volts)

For comparison, results obtained from two off-the-shelf
FIG. 2. Total field emission current vs applied voltage measured fromcommercial discharge tubewvith Un.known filling gas and
SWNT-coated electrodes. The data were collected using the parallel-plagas pressure, but the same gap distpiace plotted on the
configuration with the nanotube-coated electrode as the cathode and a plaggme graph. The nanotube-based GDT has a breakdown volt-
Mo s.ubstrate as the anode, and a fixed anode-cathode dls_tance afrb00 age of 448.5 V and a standard deviation of 4.58 V after 100
Inset: The data are plotted as Iiv?) vs 1/V (Fowler—Nordheim plgtand

are found to be essentially linear, confirming that the results are indeed dudUrges. The GDT from manufacturer 1 has a breakdown volt-

to electron field emission. age of 594 V with a standard deviation of 20 V, while the
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800 attribute the enhanced reliability over a large number of
surges to the high emission site density and the uniform field
2 e T S o] enhancement factor3=E/V whereE is the effective elec-
S 0 Mmgéﬁﬁqgfg £ o N, sl e s tric field on the tip andV is the applied voltageat different
2 T S e Y e T g emission sites which can be approximated as WBerer is
:é;n s0f ¢ "7 e o © S mo % - the radius of the emitter tipThe emission site density of a
= PG A, M._...”s.,ﬁ_..ﬁ;.v..M_ SWNT film was previpusly estimated to be1000/cnt at
B 400 & o o L the turn-on electrical field.
’§ 200 1 The dc breakdown voltage of the nanotube coated GDTs
< ) decreases gradually with increasing number of surges. The
= 20 | | decay is slower in the GDTs using annealed electrodes than
E * Nanotubes for the unannealed electrodes. Gradual decrease in the break-
| & Commercial GDT (manufacturer 1) | i i i -
100 > Commervial GDT (manufacturer 2) dpwn \{oltage_|s a.deswable property from the device protec
tion point of view(in the conventional GDTs, the breakdown

0 20 40 0 30 100 voltage usually increases over time due to sputtering and
Surge Number erosion of the electrodé$.After 1000 surges the nanotube-

coated electrodes were removed from the devices and were
examed by scanning electron microscope. The unannealed
electrodes were depleted of SWNTSs, while the majority of
800 - - nanotubes remained intact on the annealed electrodes. The
degradation in unannealed electrodes is believed to be
caused by pull out of SWNTs under the high electrical field.
600 - ] The difference between the two types of electrodes is con-
sistent with the results from our recent experiments which

showed that nanotube films deposited on substrates with Fe
400 MWWWWMWWWWW“WW interlayers have significantly enhanced adhesion after
vacuum annealing at high temperatfire.

In summary we show that gas discharge tubes compris-
ing SWNT-coated electrodes have significantly improved
performance in terms of dc breakdown voltage and reliability
‘ . : . over the current commercial GDTs. The lower breakdown
) 0 200 Su?ée Numbers 1% voltage and a factor of 4-20 reduction in breakdown voltage

fluctuation make carbon nanotube based gas discharge tubes
FIG. 4. (a) dc breakdown voltage of a gas discharge tube with SWNT/attractive overvoltage protection units for advanced telecom-
Fe/Mo electrodes, filled with 15 Torr argon with neon added and 1 mmmunication networks such as Asymmetric Digital Subscriber
distance between the electrodes. The commercial GDTs are off-the-shqline (ADSL) and High-bit-rate Digital Subscriber Line

products with unknown filling gdes but the same electrode—electrode gap .
distances. The breakdown voltage of the GDT with SWNT/Fe/Mo elec-(HDSL) where the tolerance is narrower than what can be

trodes is 448.5 V with a standard deviation of 4.8 V over 100 surges. Théfforded by the current commercial GDTs.

commercial GDT from manufacturer 1 has a mean breakdown voltage of

594 V and a standard deviation of 20 V. The GDT from the second manu-  Work done at UNC was partially supported by the Office
facturer has a breakdown voltage of 563 V and a standard deviation of 93 Vof Naval Research through a MURI Program NN00014-

(b) dc breakdown voltage of the same GDT with SWNT/Fe/Mo electrodesqq 1 _ .
over 1000 surges. The dc breakdown voltage reduced to 400 V after 10088 1-0597 and a generous donatloh from R_ayChem_ Co. The
surges. authors thank C. Bower and H. Cui for assistance in sample

preparation.
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GDT from the second manufacturer has a breakdown voltagéR. B. Standler,Protection of Electronic Circuits from Overvoltages

of 563 V and a standard deviation of 93 V. The breakdown  (Wiley, New York, 1989. _ _
2A. Thess, R. Lee, P. Nikdaev, H. Dai, P. Petit, J. Robert, C. Xu, Y. H. Lee,

reIiabiIity of the nanotube-based (_':’DT is a factor of 4-20 S. G. Kim, A. G. Rinzler, D. T. Colbert, G. E. Scuseria, D. Tomanek, J. E.
better and the breakdown voltage30% lower than those  Fischer, and R. E. Smalley, Scier2@3 483 (1996.
of the two GDTs using commercial electrodes. Figufe)4 3P. G. Collins and A. Zettl, Appl. Phys. Let9, 1969(1996.

shows the dc breakdown voltage of the GDT with SWNT/ 4J. M. Bonnard, J. P. Salvetat, T. Stockli, W. A. de Herr, L. Forro, and A.
Chatelain, Appl. Phys. Letf3, 918(1998.

Fe/Mo electrodes over 1000 surges. The breakdown voltageéy, z,, . Bower, 0. zhou, G. P. Kochanski, and S. Jin, Appl. Phys.
decreased gradually with an increasing number of surgesiett. 75, 873(1999.
which is desirable from device protection standpoint. After °C. Bower, O. Zhou, W. Zhu, A. G. Ramirez, G. P. Kochanski, and S. Jin,
1000 surges the dc breakdown voltage became 400 V. in Amorphous and Nanostructured Carhadited by J. Sullivan, J. Rob-
' . ) ertson, O. Zhou, B. Call, T. Allen, Mater. Res. Soc. Symp. Pfat.

The plasma breakdown voltage is lower than the field ocq yme- P
emission turn-on voltage measured in vacu@m1.2 Vjum 7C. Bower, S. Suzuki, K. Tanigaki, and O. Zhou, Appl. Phys. A: Mater.
for annealed SWNT/Fe/Mo electrodesresently it is not _Sci. Processs7, 47 (1998. _ _ _
clear whether the breakdown is directly triggered by elec- géyzs?ci?n’ ﬁ;eigov C. Bower, L. Fleming, and H. Shimoda, Mol. Cryst. Liq.
trons field emitted from_ the _nanOtUbe coating or du? to thesr ‘Gomer Field Emission and Field lonizatiofHarvard University Press,
locally enhanced electrical field near the nanotube tips. We Cambridge, MA, 1961
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