Electron emission from carbon black-based field emitters including
diesel engine exhaust
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Field emission properties of carbon black, carbon black and silica, and diesel engine exhaust were
investigated and compared to multiwall carbon nanotubes prepared in a similar manner. Sample
preparation consisted of pressing the nanopowders into pellet form, dispersing them in isopropanal,
or dispersing them in Shipley S1818 photoresist to achieve better adhesion to the substrates. Turn-on
fields, at room temperature, ranged from 3—6ui for the pressed and isopropanol prepared
samples and shifted to 10—-18uh for the photoresist dispersed samples. At 120 °C, the turn-on
fields for the photoresist dispersed samples shifted to lower values. This very strong temperature
dependence is explained by a resonant Fowler—Nordheim tunneling model. It assumes that a thin
barrier layer forms at the elevated temperatures due to outgassing/sublimation events. The
macroscopic current densities reached for these samples are about 1-2°m/&/c#004 American
Vacuum Society[DOI: 10.1116/1.1667517

[. INTRODUCTION this article, an alternative source material, carbon black, is
investigated for its suitability as a field emitter. It is ex-
The field of vacuum microelectronics is undergoing quitetremely low cost and produced in large quantities. The main
an evolution since the first International Conference was hel@pplications are as a feedstock for tires and inks. In addition
in Williamsburg, VA in 1988. During the 1990’s, emphasis to carbon black, carbon black mixed with silica—also a very
was placed on the fabrication of gated molybdenum congnexpensive feedstock for chemical mechanical planarization
devices—the Spindt emitter. Each cone was surrounded bsfurries—is investigated. The idea was to form nanosize
its own micromachined gate and several hundred to thousangiple junctions where conductor, insulator, and vacuum
gated cones constituted one pixel element in a field emitteieet. At the interface of a triple junction, enhanced field
display (FED). With the realization that tiny carbon nano- emission can take placeDiesel engine exhaust, which is a
tubes(CNTs) form excellent field emitterS,a pixel element  contaminated form of carbon black and also available in
now consists of CNTs dispersed in a paste that is applied tabundance, is also investigated. The performance of all three
a substrate by thick-film screening methods. Thus, well contypes of field emitters is compared to the performance of
trolled and expensive large area thin-film fabrication is re-CNTs.
placed by lower cost thick-film technology. The array of
gates per Spindt tip is replaced by an array with much larger
gate openings. In some cases, there is only one gate openng SAMPLE PREPARATION
per pixel element. These gates can be of the top version Carbon black, Vulcan-XC72R, GP3820, and silica, Cab-
of the undergate-type versidnOne important element in  O-Sil, L-90, lot 1L165, were purchased from Cabot Corpo-
achieving the desired pixel uniformity is by an activation ration, Boston, MA. The diesel engine exhaust was collected
process either by laseor plasma treatmefitThese pro- at the end of the exhaust pipe of a Gordon Food Services,
cesses release some of the nanotubes from the paste, creattdigand Rapids, MI, four-cylinder Sterling diesel engine, serial
a fuzzlike appearance on the top surface of the pixel eleNo. 5217. The carbon nanotubes were supplied by Dr. Wei
ments. Thirty-eight in. diagonal FED prototypes have beerZzhu of Bell Laboratories and Lucent Technologies. Initial
fabricated using the CNT paste technoldgynother reason samples were prepared by pressing the powder into pellets
for replacing molybdenum emitters with CNTs is the factusing a screw-type press. The pellets of carbon black and
that CNTs exhibit a higher resistance toward sputter-inducedarbon black/silicdequal amounts by weightvere then at-
events. tached to a copper-coated silicon substrate using silver paint.
At present, CNTs are expensive to produce and have to goéurn-on fields of about 3—6 Y/m were obtained, but adhe-
through an expensive and time consuming grinding and millsion to the substrate and of the particles to each other were
ing process before they can be printed onto a substrate. fmoor and resulted in pull outs as the electric field was in-
creased. Some samples were also prepared by dispersing car-
dElectronic mail: heinzusta@cabotcmp.com bon black and carbon black/sili¢aqual amounts by weight
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Fic. 1. SEM image of the top view of carbon black and silica dispersed inFie- 3. SEM image of the top view of carbon black and silica dispersed in

isopropanol after the isopropanol evaporated. Shipley S1818 photoresist after baking in air at 120 °C. Carbon/silica is-
lands form between photoresist islands. The packing density depends on the
volume fraction of the carbon black/silica powders.

in isopropanol. Several drops of these mixtures were depos-

ited onto a copper-coated silicon wafer and spun at about 308hown in Fig. 3. One can observe segregation of the carbon

rpm. Turn-on fields were also in the 3—-5Afh range and  black/silica powder into different size islands separated by

adhesion was also poor. regions of photoresist. Depending on the amount of powder
To improve adhesion, the powders were then dispersed iaind the addition of suitable dispersants, a more uniform dis-

Shipley S1818 positive photoresist and spun onto coppeitribution of the powders within the photoresist can be ob-

coated silicon substrates at 5000 rpm. The samples were théained. Figure 4 shows the SEM image of untreated diesel

baked in air at 120 °C for about 5 min. In most cases, abougngine exhaust dispersed in S1818 photoresist. For this

equal amounts, in volume, of the powders and photoresigiample, the film was not spun onto the wafer but was depos-

were used. The powders were mixed into the photoresist witifed using a spatula.

a spatula or glass rod and then ultrasonically agitated for

5-10 min. Representative scanning electron microscopH'- EXPERIMENTAL RESULTS

(SEM) images of some of the samples are shown in Figsa. vertical resistance

1-4. Additional SEM images are presented in Refs. 6 and 7.

Figure 1 shows the SEM image of the top view of carbon

black and silica dispersed in isopropanol. Figure 2 shows th8

cross section of carbon black and silica dispersed in Shiple ; ) ;

S1818 photoresist after spinning and baking on a coppe _hro_ugh the f|Im_, to the film/vacuum mterface_. To measure

coated silicon wafer. The average film thickness is about ¥€rtical conduction, a tungsten probe, shaped into a loop was

um with a surface roughness afL.5 um. The top view of a brought into contact with the film surface, with the plane of

sample of carbon black and silica dispersed in S181g i€ 100p positioned parallel to the film surface. This proce-
dure prevents accidental piercing of the film with the sharp

probe tip. Current—voltagel £V) curves through the film

In order for the films to be able to emit electrons, it is
ecessary for them to be conductive, at least in the vertical
irection. Electrons have to be transferred from the substrate,

Fic. 2. SEM image of the cross section of carbon black and silica dispersed
in Shipley S1818 photoresist. The film is deposited onto a copper-coateffic. 4. SEM image of untreated diesel exhaust dispersed in Shipley S1818
silicon substrate and baked in air at 120 °C. photoresist after baking in air at 120 °C.
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0.10 1.00 10.00 Fic. 7. 1-Ey result_s for (a) carbon_ black/silica/photoresis_(b) carbon
Voltage (V) nanotubes/photoresiqt) untreated diesel exhaust/photoresist, &fidcar-

bon black/photoresist samples measured at 120 °C.
Fic. 5. -V curves of carbon black/photoresist and carbon black/silica/
photoresist samples in the vertical direction. The measurements were per-

formed at RT and at 120 °C. measured at RT. The extraction fielf}, is defined as the
probe voltage divided by the electrode-to-film surface dis-
were obtained with an Agilent Parameter Analyzer, Modeltance' From these results, one can see that the

4155C. Figure 5 shows the-V curves of carbon black/ C/SiO,/isopropanol sample has the lowest turn-on field. The

photoresist and carbon black/silica/photoresist at room teyiurn-on field is defined as the field when the current reaches

perature(RT) and at 120°C. Similar data were taken for about 10 nA. When the powders are dispersed in photoresist,

diesel engine exhaust/photoresist and carbor%he turn-on fields shift to larger values. TheE, curves

1 ) . shown in Fig. 6 represent measurements after the films have
nanotubes/photoresitThe currents through the films are in i ) o : .

. been conditioned. Since it is very likely that a thin photore-
the mA range at voltages below 10 V. This is more thans'st layer is on top of the carbon particles or nanotubes, this
adequate since the maximum emission currents obtamet in Iayer has to bpe either removez or made conductive ,This
from these samples are only 0.1-0.2 mA. The temperature yerh: . )

: . IS accomplished by repeatedly measuring thd&, curves
dependence is reversed for the two samples. This fact, by . .
. . . . . . ntil they become reproducible. THg, values for the first
itself, is of some interestmetallic versus semiconductive

. . run are in most cases higher than the data indicate in Fig. 6.
behavioj but is of no consequence for the results presented.. . o
below. imilar conditioning had to be performed for Pd nanopar-

ticles dispersed in photoredistind for Si tip emitters to gen-
erate a sufficient number of defect states in the native oxide
to render it conductive or to electrodesorb it. From Fig. 6, it
Emission testing was performed in an ion-pumpedcould be concluded that the CNT/photoresist sample is the
vacuum system at pressures ranging fromm1® ° to 1  poorest performer. However, these results depend very
%10~ Torr. The extraction electrode consists @ 3 mm  strongly on the volume fraction of the powders, the deposi-
diameter, flat polished tungsten probe that was positionetion conditions, and also the region on the substrate where
from 50-125 um from the film surface. The probe is the data are being taken. Also, no significant difference
mounted on arXY Z manipulator. Figure 6 shows the emis- was observed between the C/photoresist and the
sion current—extraction field £Eg) curves for several films C/SiO,/photoresist samples. It cannot be concluded that the
inclusion of SiQ into the samples yields improved results,
1000 i.e., lower turn-on fields, due to a triple junction effect.

B. Emission results

- C/Si0,/Iso DE/PR Figure 7 shows the emissiop re;ults at 120°C for Fhe
3 100 - same group of samples shown in Fig. 6, except for the iso-
g 10 4 CISIO/PR propanol dispersed sample. The turn-on fields moved to
£ ) lower values and the shape of theE, curves changed.
(':) CNT/PR
.g 0.1 -+ B IV. RESONANT FOWLER-NORDHEIM TUNNELING
w 0.001 .- . ‘ The shape of all four curves in Fig. 7 consists of an initial

' 0 10 20 30 40 steep rise in current with field, followed by a lower slope

region or even a maximum/minimum, followed again by a
Extraction Field (V/pm) steep rise. This type of generatE behavior has been ob-
Fic. 6. | —E, results for carbon black/silica/isopropanol, carbon black/silica/ served for other emitters as well and is attributed to different

photoresist, untreated diesel exhaust/photoresist, and carbon nanotubeeCtS- Fo_r_lfiser_ ablated_ BN and polycrystalline diamo_nd
photoresist samples measured at room temperature. films, the initial rise was interpreted as Fowler—Nordheim
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10° curves move toward lower-field values as the barrier thick-
ness increases and peaks, similar to the ones in Fig. 7, ap-
10° 3nm 2nm pear. In Ref. 7, it is demonstrated for the diesel engine ex-
10° // / 5 / haust data how the theoretical curves in Fig. 8 can be used to
ﬁé‘ / fit the data. From the RT data, where it is assumed that the
2 10° thickness of the barrier height is below 1 nm, the F—N pa-
= // / // rameters for the field enhancement fagoand the emission
10? d=dnm / l 1nm areaa are obtained. These values are then used to convert
10" the calculated—F curves into the experimentbt-E, curves
/ I /// by using the relationships= «j andE,=F/B. Reasonable
10° 1 ; . agreement between experiment and theory is obtained and
0 2000 4000 6000 8000 similar calculations can be performed for the other samples.
F (V/ipm) Additional work has to be performed to establish that, in-

deed, such a barrier layer exists and that its thickness in-
Fic. 8. Theoreticaj—F curves for barrier layer thicknesses of 0, 1, 2, 3, and creases with temperature. Also, by obtaining its dielectric
4 nm using the rF-N tunneling modgdresented in Ref. 31 constant and barrier height, the model calculations can be
improved.

(F—N) tunneling, followed by a shallow region caused be ay. SUMMARY

large film resistance, followed by a steeper rise in which the
arg - ' -0 Dy P . . It was demonstrated that carbon black and carbon black/
film resistance decreased significantly as a function of field

(bias. Measurements of the voltage dependent film resis§i|ica’ in pellet form or dispersed in isopropanol, function as

tance were correlated to the-E curve® For the solid-state reasonably good field emﬁters with turn-on fields ranging
emitter, which consistsfa 5 nmthick titanium oxide layer f“’”? 8-6 Vjum. The adhesion to the substrate was poor and
on top of platinum, the steep initial rise is attributed to F_nportions. of the fl!ms were puIIe.d from the substrate at el-
tunneling, followed by a thermionic event, followed by an evated fields. To improve adhesion, carbon black and carbon

“explosive” event? For CNTs, it is suggested that the initial black/silica were dispersed in Shipley S1818 positive photo-

. ) .__.resist. Adhesion was excellent, but turn-on fields, at RT, in-
sharp rise is caused by resonant tunneling enhanced emission

from adsorbates, followed by desorptigthe flat regioi creased to about 10—18 Mh. Macroscopic current densities
followed by F—N, emission from the clean surfac tha:[ (maximum emission current divided by the area of the ex-
was indeed the case, then by reversing the field, a dif“ferer;[["jmt'on electrodeof 1-2 mA/cnt were reached. This com-

| -E, trace should be obtained. This is not the case for th&ares very well with quoted current densities for carbon

emitters presented here, as has been shown for thnanotubes mixed in printable pasfes.strong temperature

C/SiOy/photoresist sample in Fig. 7Within experimental (?ependency of the emission currents was observed at 120 °C

noise of the measurements, theE, trace is identical for resulting in a shift of the turn-on fields to lower values and in

increasing and decreasing fields. the formation of peaks in the—E, curves. A big_ surprise

To explain the data, at least semiquantitatively, in Figs. e _ccurred vyhen carbon b_Iagk was su_bstltuted .W'th untre_ated
and 7 (except for the ,isopropanol dagahe resona,\nt F_N diesel engine exhaust. Similar emission behawqr is optalned.
(rF=N) tunneling formalism developed in Ref. 11 has beenThe emission data were compared .to samples n W.h'Ch car-
adapted. It is assumed that a thin barrier layer of adsorbat{sgcigrlaizkovg?;insg dbs\/t;;t?]ter?ovgfgnr;izglr\:\t/a! df/::r?;sa'gimtjlelagbi;-
exists on top of the film and that its thickness increases as faered by the CNTS. The above samples serve as a model case
function of temperature due to outgassing and/or suinmatiorgtuo| of IF—N tuﬁnelin throuah an adsorbate film whose
events. By applying a bias to the extraction electrode, th?hick);ess changes wit% tem[?erature due to outgassing/

ner rriers take on a triangular sh n ntum S .
energy barriers take on a triangular shape and quantu St'fjltgabllmatlon events. No recourse has to be made to changing

appear in the well between the barrier film and the vacuumn). . . ;
level”1 By changing the field, the quantum states mov;q'lm resistance, explosive events, or desorption phenomena,

. . . as is necessary in previously proposed models. No system-
with respect to the Fermi level, causing a resonance effect as. = . . L .

: atic difference in emission behavior between the carbon
they align. The shape of tHe-E curves depends strongly on

the thickness of the barrier layer. Figure 8 shows the modeli;?glgr?g?agsrgoce?laﬁq ke/>S<IIIggs?vzmrzftzrg?shgzsirgeddtg:t?;’
calculations, current densifyversus vacuum fieldé (j—F) ’ y P ' P

for barrier widths ofd=0, 1, 2, 3, and 4 nm. The parameters to replace expensive CNTs as a source material in field emit-

used in these calculations are: Work functibr-4.2 eV, bar- ter pastes.

rier heightU=0.8 eV, dielectric constant of the barrier film

e=4.5, and effective masses in the substrate and barjer ACKNOWLEDGMENTS
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