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Effects of Cs deposition on the field-emission properties of single-walled
carbon-nanotube bundles

A. Wadhawan, R. E. Stallcup II, and J. M. Perez
Department of Physics, University of North Texas, Denton, Texas 76203

(Received 20 September 2000; accepted for publication 7 Novembej 2000

We report the effects of Cs deposition on the field-emisgieE) 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 voltagd £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. Exposurg doé@é not decrease

the FE current, while exposure to, @ecreases the FE current. #01 American Institute of
Physics. [DOI: 10.1063/1.1338493

Carbon nanotubes have recently attracted considerable b¢%?
interest as electron field emitters due to their high-field- I =AV? exr{ BV )
emission(FE) currents at low fields?? Potential technologi-
cal applications include cold-cathode electron emitters invherel is the currentA andb are constantse is the work
flat-panel displays, miniature microwave generators, monofunction, V the applied voltage, an@ the geometric en-
chromatic electron sources, and vacuum electrohids- hancement factor. In general, the FE current is a sensitive
Cording to the Fow|er_Nordheir(‘FN) r‘nodeﬁ1 FE from a function of the anode—film distana® Therefore, it is im-
metal or semiconductor is due to the tunneling of electrongortant to precisely position the anode with respect to the
from the material into vacuum under the influence of anfiiMm- We position the anode using a scanning tunneling mi-
electric field. The FE current depends strongly on the worlCTOSCOPY(STM) system that uses a piezoelectric inchworm

function and geometry of the surface. The high-FE currenE]Otor from Burleigh InstrumentS, as shown in Fig. 1. The

from carbon nanotubes is thought to be due to the sharpneﬁgnzomaI speed of the inchworm motor can be adjusted

. om approximately 2 to 0.5 mm/s. The position of the inch-
of tubes that enhances the local electric fieltiHowever, worm can be adjusted over 1 cm with an accuracy-625

the exact mechanism is not well understood. Cs deposmonm using a handsét An anode and film are loaded on the

on field emitters such as Mo microtip arrays and C‘ia‘rT‘()r‘Cer1chworm and sample holder, respectively, and the system is
films has been reported to increase the FE current from thesg,erated in STM mode. The anode slowly approaches the
materials by lowering the work functidtf. It would, there-  film until tunneling occurs atl~0.5-1.0 nm. The anode is

fore, be interesting to study the effects of Cs on carbon nanghen retracted a distance of 20-2BM+0.25 um from the
tubes. Recent studies have shown that Cs deposition dfilm using the handset. Separate high-voltage electronics are
single-walled carbon-nanotub&WCN) bundles results in  used to measure the AE-V curves. Using this system, the
intercalation of Cs between the nanotubesid a decrease in anode can be accurately positioned for different films.

the work function from 4.8 to 2.4 e¥.In this letter, we The inchworm system is housed in an ultra-high-vacuum
report the effects of Cs deposition on the FE properties ofUHV) chamber equipped with a quadrupole mass spectrom-
SWCN bundles. eter, Cs—metal dispenser from SAESnd an Auger spec-

The SWCN bundles were purchased from Tubes@Rice froscopy system(Omicron CMA-100 at a base pressure
The material was grown using laser vaporization, purified to
contain greater than 90 wt % SWCNSs, and mixed in toluene Platinum sphere ~ Film of SWCN
to form a slurry*® The bundles had diameters of 5-20 nm anode bundles
and consisted of SWCNs having diameters of approximately - \ \
1.2 nm. The slurry was deposited on a conducting Si sub-
strate and allowed to dry. The resulting film of bundles had a a
thickness of approximately 10m. To measure the FE prop- . . 4
erties of the film, an anode consisting of a 1.1-mm-diam L 1
platinum sphere was positioned 20—-2bfth from the film. Inchworm motor Sample hlo Ider
The platinum sphere was made by melting the end of a 0.02-
in.-diam platinum wire and had an optically smooth surfaceFIG. 1. Schematic of the positioning system consisting of a piezoelectric

Materials under the influence of an electric field emitinchworm motor. The inchworm is operated as a scanning tunneling micro-
scope to position the anode 0.5-1.0 nm from the film. The anode is then

electrons that tunnel through a potential barrier according Qgracted 20-25gm-=-0.25 um from the film, and field-emission current vs
the FN equatioh voltage curves are measured.
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<10 1° Torr. Auger spectroscopy is performed using an i)
electron-beam current of 2 nA to prevent sample damage.
The UHV chamber is connected to an UHV-compatible =
preparation chamber through an all-metal valve. In order to %_
avoid contamination of the UHV system, the film is cleaned g
by heating it to 500 °C in the preparation chamber for 24 h. €82
E
5

250 microns 7]

V{Volts
The film is then transferred to the UHV chamber using a -
linear translator without exposing the film to air. Using this
procedure, the film is not observed to have any surface con-
taminants using Auger spectroscopy. FEV curves of the
clean sample are measured using the inchworm system as
described above fal =250, 150, 75, and 2@m. These FE 22 (B) 150 microns 1%

---A---  1min

|-V curves are also consistent with a clean surface by not  =-24r1 |30
indicating FE from adsorbate states, as explained below. The % 26 [ % e
sample is then transferred 2 cm from the Cs—metal dis- g 28 . ]
penser, and Cs is deposited for 1 min. After Cs deposition, ‘_,5.30 3 o e E s
the film is transferred back to the inchworm system and FE —~-32[
|-V curves are measured for the same values! aftated 2 34t
above. After the FE measurements, Auger spectroscopy is S -3 | % n

. . . ‘V_\g;%_*.-o
performed to determine the amount of Cs on the film. This 38 %
procedure is repeated four times resulting inIF&/ curves 40
after total Cs deposition times of 1, 2, 3, and 4 min. The ratio —_—

: . 0.0020 0.0060 0.0100 0.0140 0.0180

of the Cs-to-carbon peak in the Auger spectra is 0.02, 0.06, AN (1/Volt)

0.10, and 0.14 after 1, 2, 3, and 4 min of exposure, respec-
tive'y_ From these Va|ues7 the Surface Concentration Of C§|G 2. Field-emission data from a film of SWCN bundles for a film that is

. . lean and exposed to Cs for 1, 2, 3, and 4 min. The data are plotted to allow

0 0 0 0
WQS estimated to be 3%, 6%, ;I'l /0’_ and 15%, reSpeCtlvebg’omparison with the Fowler—Nordheim model. The measurements are taken
using standard procedures outlined in the Handbook of Auat anode—film distances &) d=250 um and(b) d=150 um. The straight-
ger Electron Spectroscoﬁ?,The resistance of the carbon- line fitin (b) shows the departure from Fowler—Nordheim behavior at large
nanotube films was measured by allowing the anode to mak@!rents. The inset shows a plot of the field-emission current vs voltage
. . . using a log—linear scale.

contact with the film. The resistance before and after Cs
deposition was measured to be(® showing that Cs does

not increase the conductivity of the samples.

Figures 2 and 3 show FE-V curves obtained as de- -20
scribed above. In Figs. 2 and 3, the data are plotteldMvf)( | @
vs 1N to allow comparison with the straight-line behavior c§_25 L
predicted for FE by the FN equation. The insets in Figs. 2 g %
and 3 show thé—V curves plotted using a log—linear scale. <
The small current on the order 0b&L0™ 23 A observed be- 53807 & wor T T 70 7
low the threshold voltage for FE is due to leakage across the v
connectors. The observed FE current has a weak dependence %35 - o dmn
ond, consistent with geometric local-field enhancement. For 5 M i
example, for the sample exposed to Cs for 4 min, the thresh- a0k T clean
old voltage for FE decreases from approximately 92 to 53 V y - -
asd changes by over an order of magnitude from 250 to 20 22 (b) o {gﬁ
um. As shown in Fig. 2a) for d=250 um, after 4 min of Cs -~ | g1 4
deposition, the turn-on voltage for FE decreases by a factor % 25 =10
of about 2.1 from 190 to 90 V, and the FE current increases o8t o &f
by six orders of magnitude from 16?to 10 © A at a volt- < %% o |
age of 195 V. For the other anode—film distances, the turn-on i'm I e
voltage decreases by a factor of 2.4-2.8, and the FE current “'2 341
increases by six orders of magnitude. In Figd)3 the =
" . « P . —1-37r
clean” and “1 min” curves almost overlap, unlike the
curves for the larger distances. This is due to the fact that the -40 ' ' '
0.002 0.012 0.022 0.032 0.042

data in Fig. 8d) were taken at 2wm and are susceptible to
the film's local surface morphology as evidenced by the un-
even shifts of the curves. At low currents, theV curves  FIG. 3. Field-emission data from the film of SWCN bundles shown in Fig.
show good agreement with the straight-line behavior pre2 thatis clean and exposed to Cs for 1, 2, 3, and 4 min. The data are plotted

; ; to allow comparison with the Fowler—Nordheim model. The measurements
dicted by the FN equation. At larger currents, thé/ curves are taken at anode—film distances(af d—75 xm and(b) d=20 um. The

Qf the samples eXposed to Cs show a departure from Stra@hh’set shows a plot of the field-emission current vs voltage using a log—linear
line behavior towards smaller slope, as shown by thescale.
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12 spectively. It is interesting to note that the average of these
(@) values is 2.10.3, in good agreement with the value of 2.0

9 pra I T T g for the ratio of the work function of SWCN bundles before
and after Cs deposition measured using ultraviolet photo-
61 emission spectroscopy in Ref. 8.

We studied the effects of Nand Q gases on the FE
3f properties of the SWCN bundles exposed to Cs for 4 min at
d=250 um. Figure 4 shows the FE current as a function of
time in UHV, and during exposure to,Nand Q at 10’

Torr for about 6 h. Figure @) shows that the FE current
does not decrease in UHV. Figuréb# shows that upon in-
troduction of N there is an increase in fluctuation of the FE
current. However, the FE current does not decrease in mag-
nitude during the exposure. Figurécltshows that exposure

to O, decreases the FE current. The decrease is similar in
magnitude to the decrease observed in the FE current from
clean SWCNs during exposure tg &’ Since the FE current
does not fully recover after the,0s removed, the decrease

is attributed to damage to the SWCHNSs.

In summary, Cs deposition on SWCN bundles has a sig-
nificant effect on the FE properties reducing the turn-on field
by a factor of 2.1-2.8 and increasing the FE current by six
orders of magnitude. The HE-V curves of samples exposed
to Cs show a saturation effect at large currents attributed to
o444 the Cs adsorbates. At high currents, the Cs adsorbates do not
0 2 4 6 8 10 12 14 16 18 20 22 24 desorb. At lower currents, the ratio of slopes before and after

Time (hours) Cs deposij[ion is approximgtely 2.1. The FE current does not
decrease in UHV and during exposure tg,Nbut decreases

FIG. 4. Field-emission current as a function of time for a sample exposed taluring exposure to ©
Cs for 4 min atd=250 um. The current is measuréd) while the sample is
in UHV, (b) during exposure to Nat 10" " Torr, and(c) during exposure to This work was supported, in part, by the National Sci-
0, at 1077 Torr. In (b) and(c), the gas is introduced at the first dashed line ence Foundation under Award No. DMR-0074636. and the
and removed at the second dashed line. : ’
Texas Advanced Technology Program under Award No.
003594-0048-1999.
straight-line fit in Fig. 2b). This saturation effect is not ob-
served for the clean nanotube sample, which agrees well with
the FN equation even at high currents. A similar saturation'A. G. Rinzler, J. H. Hafner, P. Nikolaev, L. Lou, S. G. Kim, D. Tomanek,
effect has been observed in the FEV curves of SWCNs at P. Nordlander, D. T. Nordlander, D. T. Colbert, and R. E. Smalley, Sci-
v 14,15 ; ence269, 1550(1995.
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in FE current and return to FN behavior due to desorption of i'ert/llel\fa;g?(%glé Brodie, C. A. Spindt, and C. E. Holland, Appl. Phys.
the adsorbates.. Since our experiments are performed in UHV¥ . w. Geis, J. C. Twichell, J. Macaulay, and K. Okano, Appl. Phys. Lett.
and the saturation effect is not observed in the clean samp|e7,67, 1328(1995.
we conjecture that the effect is due to the Cs adsorbates. ApS- Suzuki, C. Bower, and O. Zhou, Chem. Phys. L2865 230 (1998.

. 6 . S. Suzuki, C. Bower, Y. Watanabe, and O. Zhou, Appl. Phys. L7&t.
high currents (10° A), we do not observe a decrease in FE 4007(2000
current and return to FN behavior in theV curves shown  °Types@Rice, P.O. Box 1892, Houston, TX 77251.
in Figs. 2 and 3, showing that the Cs adsorbates are robu¥lG. Rinzler, J. Liu, H. Dai, P. Nikolaev, C. B. Huffman, F. J. Rodriguez-
and not desorbed. Macias, P. J. Boul, A. H. Lu, D. Heymann, D. T. Colbert, R. S. Lee, J. E.

. Fischer, A. M. Rao, P. C. Eklund, and R. E. Smalley, Appl. Phys. A:
The FN equation shows that the valuebaf® B can be oo o Procesd? 29 (19989_n o ey, App TS

determined from the slope of the I?) vs 1NV curve. As- 1Burleigh Instruments, Inc., Fishers, NY 14453.

suming thatB remains the same, the ratio of the work func- iiSAES Getters, Inc., Colorado Springs, CO 80906. .

tion before and after Cs deposition can be determined from - E- Davis, N. C. MacDonald, P. W. Palmberg, G. E. Riach, and R. E.
h i0 of the sl f ﬁ&ﬁ Weber,Handbook of Auger Electron Spectroscohysical Electronics
the ratio of the slope be ore an.d after dep05| We mea-  |nqustries, Eden Prairie, 1976

sure the slope of the straight-line behavior at low currents iri*J. M. Bonard, J. P. Salvetat, T. Stockli, W. A. de Heer, L. Forro, and A.
the FEI-V curves shown in Figs. 2 and 3. From these mea, Chatelain, Appl. Phys. Lettz3, 918 (1998.

surements, the ratio of the slope for the clean sample and thg(K:' i‘ %T)?;‘ d":‘”? 3} %ighf'amﬂ]?hﬁgﬁ";gyz Lgte,wsgsi(jgg% 3. Appl
slope for the sample exposed to Cs for 4 min is found to be ppys 47 5248(1976. ’ o o '

1.8, 2.2, 2.5, and 2.0 fod=250, 150, 75, and 2@um, re- K. A. Dean and B. R. Chalamala, Appl. Phys. L&t 3017(1999.

Current (nA)

N W kR OO OO W OO ©
T

—_
T

Downloaded 24 Apr 2012 to 129.120.92.130. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



