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Effects of O ,, Ar, and H, gases on the field-emission properties
of single-walled and multiwalled carbon nanotubes
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I. A. Akwani
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We compare the effects of ,Q Ar, and H, gases on the field-emissiofFE) properties of
single-walled carbon nanotub€SWNT9 and multiwalled carbon nanotub€s!WNTs). We find

that H, and Ar gases do not significantly affect the FE properties of SWNTs or MWN7s. O
temporarily reduces the FE current and increases the turn-on voltage of SWNTs. Full recovery of
these properties occurs after operation in UHV. The higher operating voltages menvidbonment

cause a permanent decrease of the FE current and an increase in the turn-on field of MWNTSs. The
ratios of the slopes before and aftey E&posure are approximately 1.04 and 0.82 for SWNTs and
MWNTs, respectively. ©2001 American Institute of Physic§DOI: 10.1063/1.1401785

Considerable interest has been shown of late on the eties of the CNTs, a positive bias was applied to a spherical
fects of gases on the electronic properties of carbon nanglatinum anodg1.1 mm diam positioned 250um away to
tubes(CNTs).12 Oxygen in particular has been found to in- collect electrons from the grounded nanotubes.
crease electrical conductance of the nanotubes, with a The tunneling of electrons through a potential barrier
corresponding increase in the local density of states. Thender an applied electric field is described by the Fowler—
thermoelectric power is also shown to be sensitive to oxygemordheim(FN) equatiort*
exposuré. While much of the recent work relates to the 2o
transport measurements of CNTs little has been done to as- | _ 5y, ex% b¢
certain the impact of gas exposure as it relates to field emis- BY
sion (FE). CNTs have shown great potential as electron field
emitters due to the sharpness of their tubes, which enhancédierel is the currentA andb are constantss is the work
the local electric field® The FE current depends strongly function, V the applied voltage, ang the geometric field
on the work function and geometry of the surface, and thus i§nhancement factor. The distandg between the anode and
susceptible to gas exposure. Previous studies have reportft¢ film is an important consideration in FE analysis, there-
about the effects of gases on the FE of CRTSbut these fore it is important to preusely position the anpde with re-
experiments were limited to a single current over a period ofP€Ct to the film. This is done using a scanning tunneling
gas exposure. Further lacking is a comparative analysigicroscopy(STM) system that uses a piezoelectric inch-
among the various types of CNTs, such as single-walled catvorm motor from Burleigh 'nStr“me”g' The horizontal
bon nanotubeéSWNTS and multi-walled carbon nanotubes SP€€d Of the inchworm motor can be adjusted from approxi-
(MWNTS). In this letter, we present a comparative study Onmately 2 nm/s to 0.5 mm/s. The position of the inchworm

the effects of @, Ar, and H, on the FE properties of SWNTs can be adjusted over_l cm with an acc_uracyirﬁ.Z_S pm
and MWNTSs. using a handset. The inchworm system is housed in an ultra-
high vacuum(UHV) chamber equipped with a quadrupole

Greater than 90 wt% SWNTs were purchased frommass spectrometer and UHV leak valves at a base pressure
Tubes@Rice as a slurry in toluefeThe bundles had diam- .
@ y <107 Torr. An anode and the film are loaded onto the

eters of 5-20 nm and consisted of SWNTs having diameters .
. . inchworm and the sample holder, respectively, and the sys-
of approximately 1.2 nm. The slurry was deposited onto

. . atem is operated in STM mode. The anode slowly approaches
conducting Si substrate and allowed to dry. The MWNTsthe film until tunneling occurs ad~0.5-1.0 nm. The anode

were prepared in our laboratory. A 150 nm layer of Fe was

evaporated onto a Si substrate, which was then placed insidse then retracted a distance of 25 um from the film
' using the handset. Separate high-voltage electronics are used
a tube furnace. Nat a flow rate of 250 sccm and,Hat 11 9 P 9 9

introduced into the tube at £300 T to measure the FE-V curves. Using this system, the anode
sccm were introduced into the tibe at a pressure o Oan be accurately positioned for different films. In order to

fTIhe samp:]e was thgn frf]eatgd tol 735d°C. Lorzéo min. The Havoid contamination of the UHV system, the film is cleaned
ow was then turned off and replaced wit scem g by heating it to 500 °C in an UHV-compatible preparation

for approximately 10 min. The oven and;, flow were chamber for 24 h. The film is then transferred to the UHV

then both tumed off. The Nlow rate was set at 300 SCCM &S hamper using a linear translator without exposing the film

the oven cooled to room temperature. The MWNTs had dij[0 air

ameters of approximately 25 nm. To measure the FE proper- Iﬁ Figs. 1, 2, and 3, the FE data are plotted/Mf) vs

(1) to allow comparison with the straight-line behavior
3Electronic mail: jperez@unt.edu predicted for FE by the FN equation. The inset in Figs. 1-3
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FIG. 1. Field emission plots for 0, 65, 650, and 6500 4 &Xxposure ofa)
single-walled carbon nanotubes afil multiwalled carbon nanotubes. The
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closed circle curves labeled postrecovery were taken last after allowing thg|G. 3. Field emission plots for 0, 65, 650, and 6500 4 éposure ofa)
nanotubes to operate in UHV for several hours. The inset shows a plot of thgingle-walled carbon nanotubes afil multiwalled carbon nanotubes. The
field emission current vs voltage using a log—linear scale.
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inset shows a plot of the field emission current vs voltage using a log—linear

scale.

are thel-V curves plotted using a log—linear scale. The
small current on the order of 1&* A observed below the
threshold voltage for FE is due to leakage across the connec-
tors. Before introducing © FE |-V curves are measured in
UHV, shown by the open circle plot in Fig(d). To achieve
approximately 65 L(1 L=10"° Torrs) of exposure, @ is
leaked into the vacuum system to a pressure>ofl8 ’ Torr

and the nanotubes are biased at voltages that produce a FE
current of 4uA for 216 s. These voltages are approximately
437 and 750 V for SWNTs and MWNTS, respectively. After
this exposure, the vacuum system is evacuatee: 1@ *°

Torr and FEI -V curves are measured, shown by the second
plot in Fig. 1(@). In this manner, the nanotubes are not ex-
posed to @ during the |-V curve measurement. The
samples are exposed at high voltages rather than 0 V to simu-
late working conditions encountered in practical applica-
tions. To achieve approximately 650 L of exposure, i®
introduced again into the vacuum chamber to a pressure of
3X10 7 Torr and the nanotubes are biased auA for
2160 s. The voltages required are 440 and 754 V for SWNTs
and MWNTSs, respectively. Then the system is evacuated and
the FEI-V curves are measured, shown by the plot symbol-
ized by open boxes in Fig.(d). This procedure is repeated
for 6500 L exposure with bias voltages of 459 and 844 V for
SWNTs and MWNTSs, respectively. The REV curves rep-
resented by closed circlgand labeled postrecoveryvere
taken last after allowing the nanotubes to operate at high

inset shows a plot of the field emission current vs voltage using a log—lineafUrrents in UHV for approximately 40 h.

scale.

As shown in Fig. 1), introduction of Q results in a
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decrease in the FE current of SWNTSs, an effect that is evi- Figures 2a) and 2Zb) show the FEI-V curves of
dent after 65 L of exposure. After 6500 L of exposure, theSWNTs and MWNTSs, respectively, after exposure to Ar. The
threshold voltage for FE has increased approximately 229, 65, 650, and 6500 L curves all roughly coincide, indicat-
from 230 to 280 V. Before introducing {ahe FE current is ing that Ar exposure has almost no influence on the threshold
approximately 510 ° A at 300 V. After 6500 L of expo- voltage or FE current of CNTs. In Ref. 9 it was reported that
sure, the FE current at 300 V decreases two orders of magputtering by Ar ions does not greatly impact the FE stability
nitude to about X 10 ' A. Figure 1b) shows the FE-V  of SWNTSs at a single current. We find this extends to all the
curves of MWNTs exposed toO Exposure to 6500 L of ©  FE characteristics of SWNTs and MWNTs. As shown in Fig.
decreases the FE current at 600 V from approximately 2(a) the 0, 65, 650, and 6500 L FE-V curves taken after
X 1078 to 2x 10 ° A, a decrease of three orders of magni- the SWNTSs’ exposure to Hare all approximately coincident
tude. The turn-on voltage increases roughly 43% from 350 t@n one another. Figure(l® similarly displays the results of
500 V. After allowing the emitters to run in UHV for ap- H, exposure to MWNTS. In neither case does the impact of
proximately 40 h, the SWNTs recover from, @xposure as light hydrogen ions seem to influence the FE characteristics
seen by the postrecovery plot in Figal This almost com- of the respective emitters.,Hnolecules are known to phys-
plete recovery is an indication that the initial decrease in thésorb on the outer surfaces of CNTs as well as in between the
FE current results from a surface chemical interaction sucinterstitial spaces separating the CN¥$® Their easy de-
as the formation of C—O dipolésand not from permanent sorption in a high field environment may explain the lack of
structural damage. The dipoles likely break up and the oxyinfluence of H molecules on the FE characteristics of CNTs.
gen is desorbed during the SWNTs’ operation in UHV, simi-  In summary, Q@ exposure temporarily increases the
lar to what occurs in other types of emitters such as Maurn-on field of SWNTs by 22% and decreases the FE by two
microtip arrays during field desorption cleanitig* The  orders of magnitude. However, the FE properties completely
MWNTSs, on the other hand, recover only up to about therecover after approximately 40 h of FE operation in UHV.
second exposure as seen by the postrecovery curve in Fifor MWNTSs, the higher voltage £exposure leads to a 43%
1(b). Even after long hour$>40 h) of UHV operation at increase of the turn-on field and reduction of FE current by
high currentsup to 10uA) the MWNTs showed no further three orders of magnitude. The recovery in UHV is only
improvement. partial, indicating that the MWNTSs suffer permanent degra-
In the above experiment both SWNTs and MWNTs emitdation of their FE characteristics. The ratios of the slopes
roughly the same currert4 ©A) during exposure, with the before and after © exposure are approximately 1.04 and
latter requiring more voltage to do so. We find that the per0.82 for SWNTs and MWNTSs, respectively, indicating that
manent decrease in the FE current of MWNTSs is bias voltag¢éhe geometric field enhancement factor of MWNTs decreases
dependent. For example, exposing the MWNTSs to 6500 L offter O, exposure. B and Ar gases do not significantly affect
O, at voltages of less than 745 V leads to full recovery of thethe FE properties of SWNTs or MWNTSs.
MWNTs. Thus for MWNTs the higher electric fields may

drive the oxygen ions toward enhanced surface chemical re- 1 NiS work was supported, in part, by the National Sci-
actions, such as etching. Etching, especially at the surfadg"ce Foundation under Award No. DMR-0074636 and by the

caps, degrades the local geometry and can lead to a permge*as Advanced Technology Program under Award No.

nent decrease in the FE curréniMolybdenum arrays are 003594-0048-1999.
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