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Effects of O 2 , Ar, and H 2 gases on the field-emission properties
of single-walled and multiwalled carbon nanotubes
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We compare the effects of O2 , Ar, and H2 gases on the field-emission~FE! properties of
single-walled carbon nanotubes~SWNTs! and multiwalled carbon nanotubes~MWNTs!. We find
that H2 and Ar gases do not significantly affect the FE properties of SWNTs or MWNTs. O2

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 in an O2 environment
cause a permanent decrease of the FE current and an increase in the turn-on field of MWNTs. The
ratios of the slopes before and after O2 exposure are approximately 1.04 and 0.82 for SWNTs and
MWNTs, respectively. ©2001 American Institute of Physics.@DOI: 10.1063/1.1401785#
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Considerable interest has been shown of late on the
fects of gases on the electronic properties of carbon na
tubes~CNTs!.1,2 Oxygen in particular has been found to i
crease electrical conductance of the nanotubes, wit
corresponding increase in the local density of states.
thermoelectric power is also shown to be sensitive to oxy
exposure.2 While much of the recent work relates to th
transport measurements of CNTs little has been done to
certain the impact of gas exposure as it relates to field em
sion ~FE!. CNTs have shown great potential as electron fi
emitters due to the sharpness of their tubes, which enha
the local electric field.3–5 The FE current depends strong
on the work function and geometry of the surface, and thu
susceptible to gas exposure. Previous studies have rep
about the effects of gases on the FE of CNTs,6–9 but these
experiments were limited to a single current over a period
gas exposure. Further lacking is a comparative anal
among the various types of CNTs, such as single-walled
bon nanotubes~SWNTs! and multi-walled carbon nanotube
~MWNTs!. In this letter, we present a comparative study
the effects of O2 , Ar, and H2 on the FE properties of SWNT
and MWNTs.

Greater than 90 wt % SWNTs were purchased fr
Tubes@Rice as a slurry in toluene.10 The bundles had diam
eters of 5–20 nm and consisted of SWNTs having diame
of approximately 1.2 nm. The slurry was deposited onto
conducting Si substrate and allowed to dry. The MWN
were prepared in our laboratory. A 150 nm layer of Fe w
evaporated onto a Si substrate, which was then placed in
a tube furnace. N2 at a flow rate of 250 sccm and H2 at 11
sccm were introduced into the tube at a pressure of 300 T
The sample was then heated to 735 °C for 10 min. The2

flow was then turned off and replaced with 20 sccm of C2H2

for approximately 10 min. The oven and C2H2 flow were
then both turned off. The N2 flow rate was set at 300 sccm a
the oven cooled to room temperature. The MWNTs had
ameters of approximately 25 nm. To measure the FE pro

a!Electronic mail: jperez@unt.edu
1860003-6951/2001/79(12)/1867/3/$18.00
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ties of the CNTs, a positive bias was applied to a spher
platinum anode~1.1 mm diam! positioned 250mm away to
collect electrons from the grounded nanotubes.

The tunneling of electrons through a potential barr
under an applied electric field is described by the Fowle
Nordheim~FN! equation11

I 5AV2 expS bf3/2

bV D ,

whereI is the current,A andb are constants,f is the work
function, V the applied voltage, andb the geometric field
enhancement factor. The distance,d, between the anode an
the film is an important consideration in FE analysis, the
fore it is important to precisely position the anode with r
spect to the film. This is done using a scanning tunnel
microscopy ~STM! system that uses a piezoelectric inc
worm motor from Burleigh Instruments.12 The horizontal
speed of the inchworm motor can be adjusted from appro
mately 2 nm/s to 0.5 mm/s. The position of the inchwo
can be adjusted over 1 cm with an accuracy of60.25 mm
using a handset. The inchworm system is housed in an u
high vacuum~UHV! chamber equipped with a quadrupo
mass spectrometer and UHV leak valves at a base pres
,10210 Torr. An anode and the film are loaded onto t
inchworm and the sample holder, respectively, and the s
tem is operated in STM mode. The anode slowly approac
the film until tunneling occurs atd'0.5–1.0 nm. The anode
is then retracted a distance of 25060.25 mm from the film
using the handset. Separate high-voltage electronics are
to measure the FEI –V curves. Using this system, the anod
can be accurately positioned for different films. In order
avoid contamination of the UHV system, the film is clean
by heating it to 500 °C in an UHV-compatible preparatio
chamber for 24 h. The film is then transferred to the UH
chamber using a linear translator without exposing the fi
to air.

In Figs. 1, 2, and 3, the FE data are plotted ln(I/V2) vs
(1/V) to allow comparison with the straight-line behavi
predicted for FE by the FN equation. The inset in Figs. 1
7 © 2001 American Institute of Physics
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FIG. 1. Field emission plots for 0, 65, 650, and 6500 L O2 exposure of~a!
single-walled carbon nanotubes and~b! multiwalled carbon nanotubes. Th
closed circle curves labeled postrecovery were taken last after allowing
nanotubes to operate in UHV for several hours. The inset shows a plot o
field emission current vs voltage using a log–linear scale.

FIG. 2. Field emission plots for 0, 65, 650, and 6500 L Ar exposure of~a!
single-walled carbon nanotubes and~b! multiwalled carbon nanotubes. Th
inset shows a plot of the field emission current vs voltage using a log–li
scale.
Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP l
are the I –V curves plotted using a log–linear scale. T
small current on the order of 10213 A observed below the
threshold voltage for FE is due to leakage across the con
tors. Before introducing O2, FE I –V curves are measured i
UHV, shown by the open circle plot in Fig. 1~a!. To achieve
approximately 65 L~1 L51026 Torr s! of exposure, O2 is
leaked into the vacuum system to a pressure of 331027 Torr
and the nanotubes are biased at voltages that produce
current of 4mA for 216 s. These voltages are approximate
437 and 750 V for SWNTs and MWNTs, respectively. Aft
this exposure, the vacuum system is evacuated to,10210

Torr and FEI –V curves are measured, shown by the seco
plot in Fig. 1~a!. In this manner, the nanotubes are not e
posed to O2 during the I –V curve measurement. Th
samples are exposed at high voltages rather than 0 V to s
late working conditions encountered in practical applic
tions. To achieve approximately 650 L of exposure, O2 is
introduced again into the vacuum chamber to a pressur
331027 Torr and the nanotubes are biased at 4mA for
2160 s. The voltages required are 440 and 754 V for SWN
and MWNTs, respectively. Then the system is evacuated
the FEI –V curves are measured, shown by the plot symb
ized by open boxes in Fig. 1~a!. This procedure is repeate
for 6500 L exposure with bias voltages of 459 and 844 V
SWNTs and MWNTs, respectively. The FEI –V curves rep-
resented by closed circles~and labeled postrecovery! were
taken last after allowing the nanotubes to operate at h
currents in UHV for approximately 40 h.

As shown in Fig. 1~a!, introduction of O2 results in a

he
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FIG. 3. Field emission plots for 0, 65, 650, and 6500 L H2 exposure of~a!
single-walled carbon nanotubes and~b! multiwalled carbon nanotubes. Th
inset shows a plot of the field emission current vs voltage using a log–lin
scale.
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decrease in the FE current of SWNTs, an effect that is e
dent after 65 L of exposure. After 6500 L of exposure, t
threshold voltage for FE has increased approximately 2
from 230 to 280 V. Before introducing O2 the FE current is
approximately 531029 A at 300 V. After 6500 L of expo-
sure, the FE current at 300 V decreases two orders of m
nitude to about 5310211 A. Figure 1~b! shows the FEI –V
curves of MWNTs exposed to O2. Exposure to 6500 L of O2
decreases the FE current at 600 V from approximatel
31026 to 231029 A, a decrease of three orders of magn
tude. The turn-on voltage increases roughly 43% from 35
500 V. After allowing the emitters to run in UHV for ap
proximately 40 h, the SWNTs recover from O2 exposure as
seen by the postrecovery plot in Fig. 1~a!. This almost com-
plete recovery is an indication that the initial decrease in
FE current results from a surface chemical interaction s
as the formation of C–O dipoles,9 and not from permanen
structural damage. The dipoles likely break up and the o
gen is desorbed during the SWNTs’ operation in UHV, sim
lar to what occurs in other types of emitters such as
microtip arrays during field desorption cleaning.13,14 The
MWNTs, on the other hand, recover only up to about
second exposure as seen by the postrecovery curve in
1~b!. Even after long hours~.40 h! of UHV operation at
high currents~up to 10mA! the MWNTs showed no furthe
improvement.

In the above experiment both SWNTs and MWNTs em
roughly the same current~4 mA! during exposure, with the
latter requiring more voltage to do so. We find that the p
manent decrease in the FE current of MWNTs is bias volt
dependent. For example, exposing the MWNTs to 6500 L
O2 at voltages of less than 745 V leads to full recovery of
MWNTs. Thus for MWNTs the higher electric fields ma
drive the oxygen ions toward enhanced surface chemica
actions, such as etching. Etching, especially at the sur
caps, degrades the local geometry and can lead to a pe
nent decrease in the FE current.9 Molybdenum arrays are
known to suffer greater current degradation with increas
voltage in an oxygen environment.14 In Ref. 14 this is attrib-
uted to the increased electric field and the accompany
increase in electron emission with rising voltage. SWN
operating at FE currents up to 10mA and voltages up to 500
V in O2 were observed to recover completely.

The FN equation shows that the value ofbf3/2/b can be
determined from the slope of the ln(I/V2) vs I /V curve. From
this we determined the field enhancement factor ra
bp /b0 , wherebp andb0 are the enhancement factors for t
postrecovery and 0 L curves, respectively. Our assump
was that after their long run in UHV most of the O2 had
desorbed off the CNTs, allowing them to recover their ori
nal work functions. Thus by taking the ratio of the slopes
the 0 L and postrecovery curves and assumingf is approxi-
mately the same, we measuredbp /b051.04 and 0.82 for
SWNTs and MWNTs, respectively. This analysis is cons
tent with the results in Fig. 1~a! that show that the SWNTs
had not suffered any structural degradation that might p
manently reduce the FE current. Consistent too are the fi
ings regarding MWNTs. The reduction in the enhancem
factor is indicative of a permanent structural change hav
occurred, possibly from processes like etching.
Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP l
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Figures 2~a! and 2~b! show the FE I –V curves of
SWNTs and MWNTs, respectively, after exposure to Ar. T
0, 65, 650, and 6500 L curves all roughly coincide, indic
ing that Ar exposure has almost no influence on the thresh
voltage or FE current of CNTs. In Ref. 9 it was reported th
sputtering by Ar ions does not greatly impact the FE stabi
of SWNTs at a single current. We find this extends to all t
FE characteristics of SWNTs and MWNTs. As shown in F
3~a! the 0, 65, 650, and 6500 L FEI –V curves taken after
the SWNTs’ exposure to H2 are all approximately coinciden
on one another. Figure 3~b! similarly displays the results o
H2 exposure to MWNTs. In neither case does the impac
light hydrogen ions seem to influence the FE characteris
of the respective emitters. H2 molecules are known to phys
isorb on the outer surfaces of CNTs as well as in between
interstitial spaces separating the CNTs.15,16 Their easy de-
sorption in a high field environment may explain the lack
influence of H2 molecules on the FE characteristics of CNT

In summary, O2 exposure temporarily increases th
turn-on field of SWNTs by 22% and decreases the FE by
orders of magnitude. However, the FE properties comple
recover after approximately 40 h of FE operation in UH
For MWNTs, the higher voltage O2 exposure leads to a 43%
increase of the turn-on field and reduction of FE current
three orders of magnitude. The recovery in UHV is on
partial, indicating that the MWNTs suffer permanent deg
dation of their FE characteristics. The ratios of the slop
before and after O2 exposure are approximately 1.04 an
0.82 for SWNTs and MWNTs, respectively, indicating th
the geometric field enhancement factor of MWNTs decrea
after O2 exposure. H2 and Ar gases do not significantly affec
the FE properties of SWNTs or MWNTs.
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