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Effects of Cs deposition on the field-emission properties of single-walled
carbon-nanotube bundles
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Department of Physics, University of North Texas, Denton, Texas 76203
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We report the effects of Cs deposition on the field-emission~FE! properties of single-walled
carbon-nanotube bundles. We observe that Cs deposition decreases the turn-on field for FE by a
factor of 2.1–2.8 and increases the FE current by six orders of magnitude. After Cs deposition, the
FE current versus voltage (I –V) curves show non-Fowler–Nordheim behavior at large currents,
consistent with tunneling from adsorbate states. At lower currents, the ratio of the slope of the FE
I –V curves before and after Cs deposition is approximately 2.1. Exposure to N2 does not decrease
the FE current, while exposure to O2 decreases the FE current. ©2001 American Institute of
Physics. @DOI: 10.1063/1.1338493#
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Carbon nanotubes have recently attracted consider
interest as electron field emitters due to their high-fie
emission~FE! currents at low fields.1,2 Potential technologi-
cal applications include cold-cathode electron emitters
flat-panel displays, miniature microwave generators, mo
chromatic electron sources, and vacuum electronics.3 Ac-
cording to the Fowler–Nordheim~FN! model,4 FE from a
metal or semiconductor is due to the tunneling of electr
from the material into vacuum under the influence of
electric field. The FE current depends strongly on the w
function and geometry of the surface. The high-FE curr
from carbon nanotubes is thought to be due to the sharp
of tubes that enhances the local electric field.1–3 However,
the exact mechanism is not well understood. Cs deposi
on field emitters such as Mo microtip arrays and diamo
films has been reported to increase the FE current from th
materials by lowering the work function.5,6 It would, there-
fore, be interesting to study the effects of Cs on carbon na
tubes. Recent studies have shown that Cs deposition
single-walled carbon-nanotube~SWCN! bundles results in
intercalation of Cs between the nanotubes,7 and a decrease in
the work function from 4.8 to 2.4 eV.8 In this letter, we
report the effects of Cs deposition on the FE properties
SWCN bundles.

The SWCN bundles were purchased from Tubes@Ri9

The material was grown using laser vaporization, purified
contain greater than 90 wt % SWCNs, and mixed in tolue
to form a slurry.10 The bundles had diameters of 5–20 n
and consisted of SWCNs having diameters of approxima
1.2 nm. The slurry was deposited on a conducting Si s
strate and allowed to dry. The resulting film of bundles ha
thickness of approximately 10mm. To measure the FE prop
erties of the film, an anode consisting of a 1.1-mm-di
platinum sphere was positioned 20–250mm from the film.
The platinum sphere was made by melting the end of a 0
in.-diam platinum wire and had an optically smooth surfa

Materials under the influence of an electric field em
electrons that tunnel through a potential barrier according
the FN equation4
1080003-6951/2001/78(1)/108/3/$18.00
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bV D ,

whereI is the current,A andb are constants,f is the work
function, V the applied voltage, andb the geometric en-
hancement factor. In general, the FE current is a sens
function of the anode–film distanced. Therefore, it is im-
portant to precisely position the anode with respect to
film. We position the anode using a scanning tunneling m
croscopy~STM! system that uses a piezoelectric inchwo
motor from Burleigh Instruments,11 as shown in Fig. 1. The
horizontal speed of the inchworm motor can be adjus
from approximately 2 to 0.5 mm/s. The position of the inc
worm can be adjusted over 1 cm with an accuracy of60.25
mm using a handset.11 An anode and film are loaded on th
inchworm and sample holder, respectively, and the syste
operated in STM mode. The anode slowly approaches
film until tunneling occurs atd'0.5–1.0 nm. The anode i
then retracted a distance of 20–250mm60.25 mm from the
film using the handset. Separate high-voltage electronics
used to measure the FEI –V curves. Using this system, th
anode can be accurately positioned for different films.

The inchworm system is housed in an ultra-high-vacu
~UHV! chamber equipped with a quadrupole mass spectr
eter, Cs–metal dispenser from SAES,12 and an Auger spec
troscopy system~Omicron CMA-100! at a base pressur

FIG. 1. Schematic of the positioning system consisting of a piezoelec
inchworm motor. The inchworm is operated as a scanning tunneling mi
scope to position the anode 0.5–1.0 nm from the film. The anode is
retracted 20–250mm60.25mm from the film, and field-emission current v
voltage curves are measured.
© 2001 American Institute of Physics
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,10210 Torr. Auger spectroscopy is performed using
electron-beam current of 2 nA to prevent sample dama
The UHV chamber is connected to an UHV-compatib
preparation chamber through an all-metal valve. In orde
avoid contamination of the UHV system, the film is clean
by heating it to 500 °C in the preparation chamber for 24
The film is then transferred to the UHV chamber using
linear translator without exposing the film to air. Using th
procedure, the film is not observed to have any surface c
taminants using Auger spectroscopy. FEI –V curves of the
clean sample are measured using the inchworm system
described above ford5250, 150, 75, and 20mm. These FE
I –V curves are also consistent with a clean surface by
indicating FE from adsorbate states, as explained below.
sample is then transferred 2 cm from the Cs–metal
penser, and Cs is deposited for 1 min. After Cs deposit
the film is transferred back to the inchworm system and
I –V curves are measured for the same values ofd stated
above. After the FE measurements, Auger spectroscop
performed to determine the amount of Cs on the film. T
procedure is repeated four times resulting in FEI –V curves
after total Cs deposition times of 1, 2, 3, and 4 min. The ra
of the Cs-to-carbon peak in the Auger spectra is 0.02, 0
0.10, and 0.14 after 1, 2, 3, and 4 min of exposure, resp
tively. From these values, the surface concentration of
was estimated to be 3%, 6%, 11%, and 15%, respectiv
using standard procedures outlined in the Handbook of
ger Electron Spectroscopy.13 The resistance of the carbon
nanotube films was measured by allowing the anode to m
contact with the film. The resistance before and after
deposition was measured to be 2V, showing that Cs does
not increase the conductivity of the samples.

Figures 2 and 3 show FEI –V curves obtained as de
scribed above. In Figs. 2 and 3, the 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 insets in Figs
and 3 show theI –V curves plotted using a log–linear scal
The small current on the order of 5310213 A observed be-
low the threshold voltage for FE is due to leakage across
connectors. The observed FE current has a weak depend
on d, consistent with geometric local-field enhancement.
example, for the sample exposed to Cs for 4 min, the thre
old voltage for FE decreases from approximately 92 to 53
asd changes by over an order of magnitude from 250 to
mm. As shown in Fig. 2~a! for d5250mm, after 4 min of Cs
deposition, the turn-on voltage for FE decreases by a fa
of about 2.1 from 190 to 90 V, and the FE current increa
by six orders of magnitude from 10212 to 1026 A at a volt-
age of 195 V. For the other anode–film distances, the turn
voltage decreases by a factor of 2.4–2.8, and the FE cur
increases by six orders of magnitude. In Fig. 3~d!, the
‘‘clean’’ and ‘‘1 min’’ curves almost overlap, unlike the
curves for the larger distances. This is due to the fact that
data in Fig. 3~d! were taken at 20mm and are susceptible t
the film’s local surface morphology as evidenced by the
even shifts of the curves. At low currents, theI –V curves
show good agreement with the straight-line behavior p
dicted by the FN equation. At larger currents, theI –V curves
of the samples exposed to Cs show a departure from stra
line behavior towards smaller slope, as shown by
Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP l
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FIG. 2. Field-emission data from a film of SWCN bundles for a film that
clean and exposed to Cs for 1, 2, 3, and 4 min. The data are plotted to a
comparison with the Fowler–Nordheim model. The measurements are t
at anode–film distances of~a! d5250mm and~b! d5150mm. The straight-
line fit in ~b! shows the departure from Fowler–Nordheim behavior at la
currents. The inset shows a plot of the field-emission current vs volt
using a log–linear scale.

FIG. 3. Field-emission data from the film of SWCN bundles shown in F
2 that is clean and exposed to Cs for 1, 2, 3, and 4 min. The data are pl
to allow comparison with the Fowler–Nordheim model. The measurem
are taken at anode–film distances of~a! d575 mm and~b! d520 mm. The
inset shows a plot of the field-emission current vs voltage using a log–lin
scale.
icense or copyright; see http://apl.aip.org/about/rights_and_permissions
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straight-line fit in Fig. 2~b!. This saturation effect is not ob
served for the clean nanotube sample, which agrees well
the FN equation even at high currents. A similar saturat
effect has been observed in the FEI –V curves of SWCNs at
a pressure of 1027 Torr,14,15 and attributed to a current an
field-induced decrease in tunneling from adsorbate state15

In Ref. 15, the adsorbates are due to H2O in the vacuum
container, and after high FE currents they observe a decr
in FE current and return to FN behavior due to desorption
the adsorbates. Since our experiments are performed in U
and the saturation effect is not observed in the clean sam
we conjecture that the effect is due to the Cs adsorbates
high currents (1026 A!, we do not observe a decrease in F
current and return to FN behavior in theI –V curves shown
in Figs. 2 and 3, showing that the Cs adsorbates are ro
and not desorbed.

The FN equation shows that the value ofbf3/2/b can be
determined from the slope of the ln(I/V2) vs 1/V curve. As-
suming thatb remains the same, the ratio of the work fun
tion before and after Cs deposition can be determined f
the ratio of the slope before and after deposition.5,16We mea-
sure the slope of the straight-line behavior at low currents
the FEI –V curves shown in Figs. 2 and 3. From these m
surements, the ratio of the slope for the clean sample and
slope for the sample exposed to Cs for 4 min is found to
1.8, 2.2, 2.5, and 2.0 ford5250, 150, 75, and 20mm, re-

FIG. 4. Field-emission current as a function of time for a sample expose
Cs for 4 min atd5250mm. The current is measured~a! while the sample is
in UHV, ~b! during exposure to N2 at 1027 Torr, and~c! during exposure to
O2 at 1027 Torr. In ~b! and~c!, the gas is introduced at the first dashed li
and removed at the second dashed line.
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spectively. It is interesting to note that the average of th
values is 2.160.3, in good agreement with the value of 2
for the ratio of the work function of SWCN bundles befo
and after Cs deposition measured using ultraviolet pho
emission spectroscopy in Ref. 8.

We studied the effects of N2 and O2 gases on the FE
properties of the SWCN bundles exposed to Cs for 4 min
d5250 mm. Figure 4 shows the FE current as a function
time in UHV, and during exposure to N2 and O2 at 1027

Torr for about 6 h. Figure 4~a! shows that the FE curren
does not decrease in UHV. Figure 4~b! shows that upon in-
troduction of N2 there is an increase in fluctuation of the F
current. However, the FE current does not decrease in m
nitude during the exposure. Figure 4~c! shows that exposure
to O2 decreases the FE current. The decrease is simila
magnitude to the decrease observed in the FE current f
clean SWCNs during exposure to O2.17 Since the FE curren
does not fully recover after the O2 is removed, the decreas
is attributed to damage to the SWCNs.17

In summary, Cs deposition on SWCN bundles has a s
nificant effect on the FE properties reducing the turn-on fi
by a factor of 2.1–2.8 and increasing the FE current by
orders of magnitude. The FEI –V curves of samples expose
to Cs show a saturation effect at large currents attribute
the Cs adsorbates. At high currents, the Cs adsorbates d
desorb. At lower currents, the ratio of slopes before and a
Cs deposition is approximately 2.1. The FE current does
decrease in UHV and during exposure to N2 , but decreases
during exposure to O2.

This work was supported, in part, by the National S
ence Foundation under Award No. DMR-0074636, and
Texas Advanced Technology Program under Award N
003594-0048-1999.
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