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PCT/ US96/ 18146 ANNEALED CARBON SOOT Fl ELD EM TTERS

AND FlI ELD EM TER CATHODES MADE THEREFROM

FI'ELD OF THE I NVENTION 5 The invention generally relates to the

use of anneal ed carbon soot as an electron field emtter and

particularly tWOBVEsstsse in making a field emtter cathode. PCT/US96/18146
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televns:ons and desktop computcrs Flat pancl £splays are a necessity for laptop
computers, but also provide advantages in weight and size for many of the other
applications. Currently laptop computer flat panel displays use liquid crystals
which can be switched from a transparent state 1o an opaque state by the

20  application of small electrical signals. It is difficult to reliably produce these
displays in sizes larger than that suitable for iaptop computers.

Plasma displays have been proposed as an alternative to liquid crystal
“displays. A plasma display uses tiny pixel cells of electrically charged gases to
produce an image and requires relatively large electrical power to operate.

25 Flat panel displays having a cathode using a field emission electron
source, i.e.. a field emission material or field emitter. and a phosphor capable of
emitting light upon bombardment by electrons emitted by the field emitter have
been proposed. Such displays have the potential for providing the visual display
advantages of the conventional cathode ray tube and the depth, weight and power

'30  consumption advantages of the other flat panel displays. U. S. Patents 4,857.799
and 5,015,912 disclose matrix-addressed flat panel displays using micro-tip
cathodes constructed of tungsten. molybdenum or silicon. WO 94-15352.

WO 94-15350 and WO 94-28571 disclose flat panel displays wherein the
cathodes have relatively flat emission surfaces.

35 Field emission has been observed in two kinds of nanotube carbon
structures. L. A. Chemozatonskii et al.. Chem. Phys. Letters 233, 63 (1995) and
Mat. Res. Soc. Symp. Proc. Vol. 359, 99 (1995) have produced films of nanotube
carbon structures on various substrates hy the electron evaporation of graphite in
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are soluble and easily removed from the soot. The soot is then subjected to a heat

treatment and at temperatures of above 2000°C small closed shell particles are

formed. These onion-like particles are hollow polyhedral particles with walls

consisting of 2 to about 8 carbon basal plane layers.

What are needed are additional and/or improved field emitting materials

20  suitable for use in field emitter cathodes which are, in turn. useful in display
panels and other electronic devices. Other objects and advantages of the
invention will become apparent to those skilled in the art upon reference to the
figures and the detailed description of the invention which hereinafter follows.

SUMMARY OF THE INVENTION

25 The present invention provides an electron field emitter comprised of
annealed carbon soot. i.e., carbon soot which has been heated to temperatures of
at least about 2000°C, preferably at least about 2500°C. and most preferably at
least about 2850°C. in an inert atmosphere. During heating, this temperature is
preferably maintained for at least about 5 minutes.

30 The invention also provides for field emitter cathodes comprised of
annealed carbon soot attached to the surface of a substrate.

Annealed carbon soot field emitters and field emitter cathodes made
therefrom are useful in vacuum electronic devices, flat panel computer and
television displays. emission gate amplifiers, klystrons and lighting devices. The

35 display panels can be planar or curved.
DESCRI FT
Figure 1 is a transmission electron microscopy (TEM) image of
unannealed carbon soot.
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Figure 10 shows the Fowler-Nordheim plots of the electron emission

results for three annealed carbon soot sampies (Examples 14-16) using gold as an
attachment material.
25 DETAILED D I NOFT R NT.

The present invention provides a novel electron field emitter. annealed
carbon soot, and an electron field emitter cathode comprised of annealed carbon
soot attached to a substrate.

As used herein, "diamond-like-carbon” means that the carbon possesses

30 appropriate short range order, i.e., a suitable combination of sp? and sp> bonding
may also provide for field emission materials with high current densities. By
“short range order” is generally meant an ordered arrangement of atoms less than
about 10 nanometers (nm) in any dimension.

Carbon soot can be generated by the condensation of electric-arc produced

35 carbon vapor in a low pressure inent atmosphere as described in Kratschmer et al.,
Nature (London) 347, 354 (1990), W. A. de Heer & D. Ugarte, Chem. Phys.
Letters 207, 480 (1993) and D. Ugarte, Carbon 32, 1245 (1994).
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the cathode to estabhsh a gap distance of | mm. During the d:c-dlscharge process

the anode was continually consumed. Carbon was deposited on the cathode and
large amounts of soot were deposited on the walls of the reaction vessel and on
the filter arranged to trap and collect the soot before it was transported to the

15 pump with the inert gas. Soot was collected from the filter and the walls and
fullerenes. such as Cg( and C5. were extracted from the collected soot by
solvents such as toluene or benzene.

As shown in Figure 1. transmission electron microscopy (TEM) results

show that the carbon soot so obtained had an amorphous structure with particle

20  sizes typically in the range of about 50-100 nm. As shown in Figure 2. high
resolution electron microscopy shows the "cotton-ball" appearance of the carbon
soot. The material was highly disordered with only short range order of the
carbon basal planes.

Thereafter, the carbon soot was annealed to produce the annealed carbon
25  soot of the invention which is useful as an electron field emitter. The carbon soot
_ was heated at high temperatures in an inert atmosphere to produce the desired

change in structure and properties. Annealing at temperatures of 2000°C to
2400°C is described by W. A. de Heer & D. Ugarte, Chem. Phys. Letters 207,
480 (1993) and D. Ugarte. Carbon 32, 1245 (1994). The carbon soot was heated

30 to temperatures of at least about 2000°C. preferably at least about 2500°C. and
most preferably at least about 2850°C, in an inert atmosphere such as argon or
helium. This temperature was maintained for at least about 5 minutes.
Temperatures up to about 3000°C can be used although higher temperatures may
be impractical and are thus less preferred (e.g., loss of material due to

35 evaporation). The carbon soot can also be heated to an intermediate temperature
and maintained at that temperature to form a glassy material before raising the
temperature to the highest temperature.
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PCT/ US96/ 1814610 Field emission tests were carried out on the annealed carbon soot using a
flat-plate emission measurement unit comprised of two electrodes, one serving as
the anode or collector and the other serving as the cathode. This will be referred
to in the Examples as Measurement Unit I. The unit was comprised of two square
copper plates, 1.5 in by 1.5 in (3.8 cm x 3.8 cm), with all comers and edges

15  rounded to minimize electrical arcing. Each copper plate was embedded in a
separate polytetrafluoroethylene (PTFE) block. 2.5 in x 2.5 in (4.3 cm x 4.3 cm),
with one 1.5 in by 1.5 in (3.8 cm x 3.8 cm) copper plate surface exposed on the
front side of the PTFE block. Electrical contact to the copper plate was made by
a metal screw through the back of the PTFE block and extending into the copper

20  plate, thereby providing a means to apply an electrical voltage to the plate and
means to hold the copper 'plate firmly in place. The two PTFE blocks were
positioned with the two exposed copper plate surfaces facing one another and in
register with the distance between the plates fixed by means of glass spacers
placed between the PTFE blocks but distanced from the copper plates to avoid

25  surface leakage currents or arcing. The separation distance between the
electrodes can be adjusted, but once chosen, it was fixed for a given set of
measurements on a sample. Typically, separations of 0.04 cm to about (.2 cm
were used.

In order to measure the emission properties of a sample of the anneaied

30 carbon soot. the annealed carbon soot was attached to an electrically conducting
substrate and the substrate was placed on the copper plate serving as the cathode.

. A negative voltage was applied to the cathode and the emission current was
measured as a function of the applied voltage. Since the separation distance
between the plates d and the voltage V were measured, the electric field E could

35  be calculated (E=V/d) and the current could be plotted as a function of the electric
field. In order to conveniently and rapidly measure the emission properties of
annealed carbon soot. the annealed carbon soot was placed on the adhesive side of
copper tape and two additional pieces of conducting copper tape were used to
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wire to be tested (cathode) was mounted in the center of a cylinder (anode). This
anode cylinder typically consisted of a fine mesh cylindrical metal screen coated
25  with a phosphor. Both the cathode and anode were held in place by an aluminum

block with a semi-cylindrical hole cut therein. _

The conducting wire was held in place by two 1/16 inch-diameter stainless
steel tubes, one at each end. These tubes were cut open at each end, forming an
open trough in the shape of a half cylinder of length 1/2 inch and diameter

30 1/16 inch, and the wire was placed in the open trough that results and held in
place with silver paste. The connecting tubes were held in place within the
aluminum biock by tight fitting polytetrafluoroethylene (PTFE) spacers. which
served to electrically separate the anode and cathode. The total length of exposed
wire was generally set at 1.0 cm. although shorter or longer lengths could be

35  studied by controlling the placement of the holder tubes. The cylindrical screen
mesh cathode was placed in the semi-cylindrical trough in the aluminum block
and held in place with copper tape. The cathode was in electrical contact with the
aluminum block.
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conpri sed of two shpuspends. The test apparatus was inserted into a vacuum system, and the
system was evacuated to a base pressure below 3 x 10-6 torr.
15 Emission current was measured as a function of applied voltage.
Electrons emitted from the cathode create light when they stroke the phosphor on
the anode. The distribution and intensity of electron emission sites on the coated
wire were observed by the pattern of light created on the phosphor/wire mesh
screen. The aircragc electric field E at the wire surface was calculated through the
20 relationship E = V/[a In (b/a)], where V was the voltage difference between the
anode and cathode, a was the wire radivs, and b was the radius of the cylindrical
wire mesh screen.
Typically, the annealed carbon soot was attached to the surface of an
electrically conducting substrate to form a field emitter cathode. The substrate
may be of any shape. ¢.g., a plane, a fiber. a metal wire, etc. Suitable metal wires
include nickel, copper and tungsten. The means of attachment must withstand

]
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and maintain its integrity under the conditions of manufacturing the apparatus into
which the field emirter cathode is placed, and under the conditions surrounding its
use, e.g., typically vacuum conditions and temperatures up to about 450°C. As a
30 result, organic materials are not generally applicable for attaching the particles to
the substrate and the poor adhesion of many inorganic materials to carbon further
limits the choice of materials that can be used.
The annealed carbon soot can be attached to a substrate by creating a thin
metal layer of a conducting metal, such as gold or silver, on the substrate with the
35  annealed carbon soot particies embedded in the thin metal layer. The thin metal
layer anchors the annealed carbon soot particles to the substrate. In order for an
annealed carbon soot particle to be effective as an electron emitter. it is necessary
to have at least one surface of the particle exposed. i.c.. be free of metal and



copper plates, 1.5 in by 1.5 in (3.8 cmx 3.8 cn). with all coners and
edges 15 rounded to mnimze electrical arcing. Each copper plate was

embedded in a separate pol ytetrafl uoroethylene (PTFE) block. 2.5 in x
2.5in (4.3 cmx 4.3 cnm, with one 1.5 in by 1.5 in (3.8 cmx 3.8 cn
copper plate surface exposed on the front side of the PTFE bl ock.

El ectrical cowbaeasst® the copper plate was made by hﬁbs@gfsew

t hrough the back of the PTFE bl ock and extending into the co

pl ate, thereby pPHRAUAF figmhethinmetal fayes, Jihe sufface shopld be comprised ¢ to the
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surfaces facing an ot her gi ster stance between
the plates fixed®B @mﬁgﬁ?@“&”?@f’g’é’?l E‘Eﬁ%fd’&%be Chosen tq,promaty "EfefPV\’Eé’ﬂ“ Phe PTFE
bl ocks but di St asechc shrfene imeddisiop peproyitliag ewarsdo atagh the 28nealsd rfrbasobieak age
currents or arcCi paiciéi® thevabstatel B cotida b Gk 1dd Riy¥RRd phhrﬁies means t@ip?:?yt rodes

can be adj ust ed. c ixed for a given set 0
measur enents on d%ﬁa 9';'0 %@9§§§?¥Ensg% grr"glef ons of 0.04 cmto about 0.2 cm

were used. P“!"PFS(S?’G&?O"! ishingthis resuk pemprispssdepesitingasplation efs of a
sanpl e of the anaeskatdondfbund harsblvenandihe aiirleeled tdibo sook paricleo Bnms @2t  Was

attached to ap oLkt bAubynbO LSRN can be 3ok AL AR Bk Ll DSt T2 @

was pl aced on the c&gger at e s.egs/ g . Patlve
vol tage was appl P&Y% SePaBl d‘ipﬁi\“c OF e psaled Farkamsogiparticies
measured as a f unantteclispersed ih shezplutipreshivivistthenappiid neibe sibstraepafact i on

di stance behygernal &h@oﬂ{(ﬁﬁ&fe\ﬂu@}ﬂ@r&m%%&@ﬂﬂhymmr@ mgRepred, the
electric field E gl vag%horﬁl&‘ sﬁvﬁr%poma} eeg.ﬂ rﬂ" Fémaqodct e. cuégg‘n oul d be

plotted as a func 'oh 0 €l'e eniently
and rapi dly rfeasdeserintion obvisPsecsss ipprgpided in@eovisional Applicatign bl @ CearBoh soot .
t he anneal ed car bailed tRybces@For Makagd\ BisldtHatnadtranidy Usifig A@Pafikulate Field COpper

t5ap e and two addikin BlaeRibP ¢ed sBhulGRIIYE hé B0t ARNGhiel@ DA & USed 1O

incorporated herein by reference.
In many instances it will be desirable to increase the viscosity of the
20  solution by adding an organic binder material so that the solution readily remains
on the substrate. Examples of such viscosity modifiers include polyethylene
oxide, polyvinyl alcohol and nitrocellulose.
The substrate with the solution and the annealed carbon soot particles
deposited on it is then heated to reduce the metal compound to the metal. When
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an organic binder material is used it is boiled away (decomposed) during such
heating. The temperature and the time of heating are chosen to resujt in the
complete reduction of the metal compound. Typically, reduction is carried out at
temperatures from about 120°C to about 220°C. A reduéing atmosphere or air
can be used. Typically. the reducing atmosphere used is a2 98% argon and 2%
30 hydrogen mixture and the gas pressure is about 5-10 psi (3.5-7x10*4 Pa).
The product is a substrate coated with a thin layer of the metal with the
annealed carbon soot embedded therein and anchored to the substrate. Such a
product is suitable for use as a field emitter cathode.
The following non-limiting examples are provided to further illustrate,
35  enable and describe the invention. In the following examples. the flat-plate
emission measurement unit or the coated wire emission measurement unit

described above were used to obtain emission characteristics for these materials.
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The annealing process used to produce the annealed carbon soot used in

20  the Example 1 was as follows. The carbon soot was placed in a graphite crucible
and heated in flowing argon. The temperature was increased at a rate of 25°C per
minute to 1,700°C. The temperature was maintained at 1,700°C for one hour and
then raised at 25°C per minute 1o 2.500°C. It was maintained at 2,500°C for
I hour after which the power to the fumace was tumed off and the carbon soot

25  was allowed to cool in the furnace to room temperature. The fumace used
normally took about an hour to cool to roomn temperature and the annealed carbon
soot was then removed from the furnace. The electron microscopy images of
Figures 3 and 4 discussed above were obtained using this annealed carbon soot.

For Comparison Experiment A, a portion of the unannealed carbon soot

30 was placed on the adhesive side of copper tape and two additional pieces of
copper tape were used to hold the copper tape on the cathode plate of the emission
measurement unit (Measurement Unit 1). The separation distance of the
electrodes was 0.19 cm. The voltage was increased to 3000 voits
(E=1.6 x 106 V/m) and no emission was observed.

35 For Example 1. the annealed carbon soot was placed on the adhesive side
of copper tape and two additional piecés of conducting copper tape were used to
hold the copper tape on the cathode plate of the emission measurement unit
(Measurement Unit I). The separation distance of the electrodes was 0.19 cm.



25 .wth a phosphor. Both the cathode and anode were held in place by an
al um num bl ock with a sem -cylindrical hole cut therein.

The conducting wire was held in place by two 1/16 inch-di aneter stainless
st-eel tubes, one at each end. These tubes were cut open at each end,

formng an open trough in the shape of a half cylinder of length 1/2
inch and di anwbeinsdss 1/ 16 inch, and the wire was placed ippy n
trough that results and held in place with silver paste’.w%ﬁg%

connecting tubes TRerltage wpsiineragsedte 3000vilty(B=h 6 x 108 V/impand simission ik by
tight fitting pol wasibsa¥dduan assdmelite (E-3(N0F EYm§ firearrent wahP.2HpA andat served to

el ectrically sepaj@b%{tﬂ?___ﬂggq@g@mﬁ’ m@w J37pRtal length of exposed
a cm_al though s
fi

wire was generally se : orter or |longer |engths could
be 35 studied by co Fb‘fsa‘fsﬁamt’mé'm S°P‘rfiégﬁ‘8|°a‘é PEHYY " The
cylindrical sc¥ eevpits while anmedéd cazionsols frnmghpiamesourcadid brait gevvitagey lesdr i cal
trough in the al wihdiomokbrck and held in place with copper tape. The
cat hode was in electrical contact w t&AEﬁLES_Z_i al um num bl ock.
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PCT/ US96/ 18146 The carborpsoptuised indixamplayid S wes prepasiiychewme grasessh t he

anode and cat hodeas dédeeibéd i @Rample 1 exdsphdlTorihedé Eperinéntghobtidspheieantbeal (0 V)
and t he vol t ags Ohaﬁlb&v&%émg?m‘é’%?fsﬁueofab&ﬂ%éﬂau ed with a 0-10 kV power
t y the '

supply. Electrical current emt cat hode was col |l ected at
the anode and neasur ed "iPt2lg PEIcEsspes)ip profuce theannealed carbon soot used in

the Examples 2-5 was as follows. The carbon soot was placed in a graphite
crucible and heated in flowing argon. The temperature was increased at a rate of
25°C per minute to 2,500°C. The carbon soot was maintained at 2.500°C for
15 15 minutes for the sample of Example 2, for 30 minutes for the sample of
Example 3. for 1 hour for the sampie of Example 4. and for 2 hours for the
sample of Example 5. and cooled in the furnace to room temperature as described
in Example 1. The annealed carbon soot was then removed from the furnace.
The annealed carbon soot sample of each example was, in-turn. placed on
20  the adhesive side of copper tape and two additional pieces of conducting copper
tape were used to hold the copper tape on the cathode plate of the emission
measurement unit (Measurement Unit II). The separation distance of the
electrodes was 0.055 cm. A voltage was applied and the emission current was
measured.
25 For the sample of Example 2. at 500 volts (E=9 x 105 V/m), the current
was 5.37 pA,; at 800 volts (E=1.5 x 106 V/m), the current was 14.1 pA: at
1300 volts (E=2.4 x 106 V/m), the current was 113.5 pA.
For the sample of Example 3. at 600 volts (E=1 x 109 V/m), the current
was 6.32 pA; at 900 volts (E=1.6 x 106 V/m), the current was 14.1 pA.: at
30 1300 volts (E=2.4 x 106 V/m), the current was 94.9 pA: at 1400 volts
" (E=2.5 x 106 V/m), the current was 110.2 pA.
For the sample of Exampie 4. at 700 volts (E=1.3 x 106 V/m). the current
was 5.79 pA: at 900 volts (E=1.6 x 10 V/m), the current was 33.0 pA; at
1300 volts (E=2.4 x 10% V/m), the current was 62.1 pA; at 1400 volts
35 (E=2.5 x 10% V/m), the current was 79.6 pA.
For the sample of Example 5. at 354 volts (E=6.4 x 105 V/m), the current
was 4.79 pA; at 850 volts (E=1.5 x 106 V/m), the current was 35.4 pA; at
1000 voits (E=1.8 x 106 V/m), the current was 97.8 pA.

10
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the conditions Qf Fanu act ggddown tﬁgﬁara ra}éc ntixe cathode mll’ﬁicenussxoﬁll eld

emtter cat hode S aBT wcreéfse nder 'ong Suf P8und
use, e.g., typical myasv@mmﬂnéoﬂapﬁqmwyoraﬁetatcewﬁérategtr@ss HEQ’C?%oﬁt

450[ err] C. As a 30voltage&hs dppliedragdthe émisBibR EurbdnSway ficasirtd (adirahdny appl i cabl e
for attaching the Qﬂlﬁl cles to the substrate and the poor adhesion of
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net al | ayer ancho arb S00t
substrate. In ordevasiplpdand at 3000 volts (E=1.6 x 106 V/m), the currem was 13.1 pA.

For the sample of Example 8, at 1500 volts (E=8 x 105 V/m), the current
25 was 11.1 pA and at 2500 volts (E=1.3 x 10 V/m), the current was 43.0 pA.
For the sample of Exampie 9. at 1500 volts (E=8 x 105 V/m), the current
~was 1.88 A and at 2000 volts (E=1.6 x 108 V/m), the current was 4.39 nA.
The emission results for Examples 6-9 are plotted in Figure 6. The results
show that at 2850°C the increased time of annealing decreases emission. This is
30  most probably due to the increased agglomeration of the particles at high
temperature. Moreover, increasing the annealing temperature decreases emission
slightly, again probably due to agglomeration of the particles.
Total annealing time appears to be critical at higher temperatures. Higher
temperature annealing is preferred provided total time of annealing is relatively
35  short (e.g., higher emission results were obtained when the carbon soot was
annealed without the intermediate I 700°C step and heated to 2850°C in a short
time and soaked at that temperature for a short period of time.

EXAMPLES 10 AND 10A

11



anneal ed carbon soot particle to be effective as an electron enmitter, it is

necessary to have at | east one surface of the particle exposed. i.e..
be free of netal and _ 7
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PCT/ US96/ 18146 protrude fromthe thin netal |ayer. The surface

shoul d be conmo®mass7of the surfaces of an array of MaRbe&hs&ar bon
soot particles with the nmetal filling the interstices between the

particles. The quanti ty™ehodicnanachine emptied catiopFoqs Rasticles tea substrate to 5y t he
t hi ckness of t he pretidé a fielg emiteistholeis cliaswebed it Expupleri in whivh dhneatedt | on of 5

such a surface. |dartsdbdt paticlbOwdE avdcEidls a TORRS filrk ofdiivaChhil R dpaeal ed
carbon soot b, (;che substrate, the conducting netal |ayer

articles to,.
al so provi des nmeans %%J%%’pﬁ%/m“’ a voltage to the anneal ed carbon soot
particles. 5 Carbop,sqst werereparasisubstantiathl 4s describpdtim Examples -3 conpri ses
deposi ting a sol uiboes) The annealing précesEhia3 theG:ai® 8310 Exiripl@6Sol vent and t he
anneal ed carbon soot Qaf@'ﬂ@%f%%éEﬁ%‘%ggfmg’%&fiﬁﬁgﬁ% Ps mut,)‘sltj?t e. The

solution can be applied to the surfac 1) _annea"é)d car bon
soot particles t s Hilgodhe dlyergyassputersd sbadepgsition 19t Q4 anvVsoiare pgpR s
can be di sper sed awmosphare ssitg i Domon/Gd0¢Deriten Cdapang ihieirg Hilt, D) dpenaingst r at e

surf ace. 10 ThitMhélads SRRAUSHAining 1 Butidil v il Saved & FeSdugall to the
netal, e.g.. sil ver . chl aride, silver bromde. silver

i odi de and gol d ¢Ri8f f’ﬂ'@?le%lf‘h{°fqits§%§$id?§/&sr“°ﬂgg%lf’lf"bt ion of this process is
provi ded in provisi oné solugipn santaining2N\wt % Gidved 0iFratg 43gN03), 3 weftpolvven " Pr ocess
For Making A Fi elaitohili(PVRY arldal [906te% Waien Gasdprifrddivg didihes Foebva, M.w.
86,000, (Aldrich. Milwaukee, WI) to 72 g of boiling HO and stirring for about
15 1 hour to completely dissolve the PVA. 25 g of AgNOz2 (EM Science. Ontario.
NY) were added to the PV A solution at ambient temperature and the solution was
stirred to dissolve the AgNOa. (.1 wt % of a fluorinated surfactant, ZONYL®
FSN (E. 1. du Pont de Nemours and Conipany, Wilmington, DE) was also added
to the solution to improve the wetting of the solution to the silver film.
20 The PVA/AgNO3/ZONYL® FSN solution was applied to the silver film
using a #3 wire rod (Industry Technology, Oldsmar, FL). The anncaled carbon

soot was sprinkied through a 0.1 mil (30 micron) silk screen uniformly onto the
wet PVA/AgNO3/ZONYL® FSN surface. When the surface was completely
covered with annealed carbon soot, the glass slide substrate containing the wet

25 PVA/AgNO3/ZONYL® FSN film covered with annealed carbon soot was placed
in a quartz boat which was then positioned in the center of a tube fumnace.
Heating was carried out in a reducing atmosphere compfiscd of 2% hydrogen and
98% argon. The temperature was incréased at a rate of 14°C per minute to 140°C
and this temperature was maintained for one hour. The sample was allowed to

30  cool to room temperature in the furnace in the same reducing atmosphere and was
then removed form the furnace. The reduced silver metal provided a thin silver
film layer which attached and anchored the anncaled carbon soot to the sputtered
silver film of the substrate and resulted in an electron emitter which was suitable
for use as field emitter cathode. The electron emission was measured using the

35  flat-plate emission measurement unit described previously as Measurement Unit L.
Figure 7 shows a plot of the emission results which were measured with an
electrode separation distance of 2.49 mm.



Emtter Material" filed sinmultaneously herewith, the contents of which are
i ncorporated herein by reference. In many instances it wll
be desirable to increase the viscosity of the 20 sol ution by adding an
or-gani ¢ binder material so that the solution readily remains on the
substrate. Exanples of such viscosity nodifiers include polyethyl ene

oxi de, pol yvi wo9ssishol and nitrocel | ul ose. TREUSHI8MP at e

with the solution and ﬁg&aapﬂqah%nﬁ%mamnacmﬂoa@sainaxam @aposi ted on
it is then heated to reduce’ th |

C netal, c ound t.o the netal . an
organi ¢ bi nder nat*3 ptachgado fhea ﬁs’t"eF‘g"BfgﬁrcT’B%eda ViR & eggnrruﬁ‘ggéacli‘?' (%hraﬁgg such
heating. The t enpdostElearolnak InthieChagrie Falls. QB Yoy ditgcty wrivklingshe awesles y | t i n
tC greri ed o tcogPl et %a&&?é&?ﬁﬁfl:g&fonmfﬁemwls side 5P B @6ppeT 14pe. CElelfiar-plaeduct i on i s
u . tenperatures. m abo 220[err] C
A reducing at nﬁspﬁﬁ'fsé“’ﬁg}gﬁﬁ“fcmem unit dé'*a%ﬁsu e °ﬁtts%'§gﬂ¥%{‘%§ﬁ&a§?%g; % edu[ci ng] ©
at mosphere used i sleafmiqy(?ﬁ‘@W%@GmeﬂFﬂlEﬁWéﬁ°‘m%‘¥Fﬁg°%ﬁprﬂ’ﬁ8“gas
pressure i s about ditahés FL5 run. vis GyetQdd Pds)data is also shown in Figiie &. Sloogemssoni s a

substrate coated %Qf%ghﬂiélaﬂnﬁgsefon%& 1DRShdVR R ¥ crfisstVAS of the annca@eal ed

carbon soot enbedde rein a re Eo t he subst.rat %..Such a
product is suitabl¥bebiooys gotgeduced conpiderably by e WetLpTResgsing and firing The
fol | owm ng non-10i niptdcedpreexanpl es are provided to further illustrate. 35
enabl e and describe t hgjB¢GREw e sdnit daldfs Fighile MVéxBépt BFWAErSSordiidia
flat-plate em ssi on nmeasurenment unit or the coated wre em ssion

measuremept unit PO descri bed above were used to obtain enission
characteristics for these materi al s. EXAMPLES 1isd$ 97/ 18575
PCT/ US96/ 18146 A method for attachingfialed|carBiDscoChAPRREsIOR nierdPivite VENT A

15  using a thin silver layer and thereby providing a field emitter cathode is described
in Examples 11-13. Carbon soot was prepared substantially as described above in
Examples 2-5. The annealing process was the same as in Example 6.

The wires used in these examples to support the annealed carbon soot
were all cleaned by immersing the wires in a 5% HNO3 solution for one minute

20 followed by rinsing with abundant water and then rinsing with acetone and
methanol.

In Example 11, a solution containing 25 wt % silver nitrate (AgNO3),
3 wt % polyvinyl alcohol (PVA) and 72 wt % water was prepared by adding 3 g
of PVA, M.W. 86.000, (Aldrich, Milwaukee, WI) to 72 g of boiling H>O and

25  stirring for about | hour to completely dissolve the PVA. 25 g of AgNOz
(EM Science, Ontario, NY) were added to the PVA soclution at ambient
temperature and the solution was stirred to dissolve the AgNO3. '

A 4 mil (100 pm) copper wire was dipped into the PVA/AgNO3 solution
and then immersed into the annealed carbon soot. When the surface of the wire

30  was completely covered with annealed carbon soot. the wire was placed in a
quartz boat which was then positioned in the center of a tube furace and fired as
previousty described.

In Examples 12 and 13, a solution containing 25 wt % silver nitrate
(AgNO3), 3 wt % polyvinyl alcohol (PVA), 0.5 wt % of a fluorinated surfactant.

35 ZONYL® FSN and 71.5 wt % water was prepared by adding 3 g of PVA.M.W.

$6.000, (Aldrich, Milwaukee, WI) to 71.5 g of boiling H20 and stirring for about

1 hour to completely dissolve the PVA. 25¢g of AgNO3 (EM Science, Ontario,

NY) were added to the PVA solution at ambient temperature and the solution was

13



Anneal ed carbon soot was prepared for use in Exanple 1. Carbon soot

was prepared by using graphite electrodes with dianeters of 8 mmand 12 nm
fior : t he anode and cat hode, respectively. The atnosphere in the
chanber was helium 5 at a pressure of about 150 torr. and the current
bet ween the el ectrodes during the ar c-di scharge experinment was about
125 anps. A cqgpwigis control | ed notor was used to adj,,@%sgmldgosition
of the anode with respect to the cathaode. During %dl schar ge
process, the anoddinggt %PF%H’E&ENQSCQPMQ%W‘ﬂ@WWbﬂW%d on

t he cat hode and (tEhEdmmrdemnbmlmdcdsmpady,swmobmﬁmatldmdtatlnede and the

10 cathode to0 apRfbh BiPlove the WotingDF fhe 3b1Xidhdo the\iilet age of 20 to 30 volts-
bet ween t he el m&gﬁ%pi Carblg @@Ot was dgposmed orhthe wal | s of the
chanber. from ¢ 1% a 4 il (100 urg} qoPper trjte Syps ammemqdptoghe, s oy en
route to a purp t?\‘éNAGU@Bﬂ@N‘@ePFSNSO“QOH@HQ:MMCW@S@BP@CMEﬁﬂ’qnhere it
was col | ected. Th@o Whenlthesitthdeedf R RHas com leteM@bVeredatith dnh@ildidamoni | t er

vwas anneal ed to prgfyce Lhe. o ost ve TBhel\ake A b poBhLh BPlene carbor

soot so produced BINESE i de for
the el ectron emi s¥iadwbefumadsr ement s of Conpari son Exarrpl e A The
electron m croscopy | mmp&flfngmﬂsoop:amtpﬁerduemm:redmnmewere obt ai ned

using this ung @f’SNsoluu mdthnm&ﬁdmea&ﬂcmgd%mess used
to produce the ann ar bon s t usea

foll ows. The car b‘BH Wt fﬂ° Wiy “éf'sﬁ?'ﬁ ﬁ'FlP’§°‘é°f??<Vf"gFaéme“}°d cafs"aﬁd heat ed
in flow ng argon. soﬁheﬂtﬂm&taﬁmgaofMVMAgE@s@@lﬁtL%FSi\bi@m ug[ierr ] C per

mnute to 1,700 egy; eﬁhﬁ‘ashﬁw@&ﬁmeenﬁeaéd émaatsaé'@%cleéushgaQQBﬂrzeﬂ C for

one hour and 0 rr]C It
was mai nt ai ned athe}s j(;ﬁ) %mf'%frek é'glp‘"a%mhg hgg’re?m ?"\}ﬁ%"ﬁf’?g‘é&%ow to the
furnace was tbr netale@vlft cawanaeﬁef migFenshameirsdroplsts. The solgiangyae delivsTedédl in the

furnace to room tiaeiebaidedhicad by Beyririge paeg atubedte of 18 pL/s €or bdut $0 s@addsabout an
hour to cool to "SHRy I?e{}m(ﬁtd cﬂhﬁﬂq & e @m%klﬁgd Erﬁlrrbﬁigd to provxdesoot Was

then renoved fromt rnace on.mcr es
Figures 3 and 4 8%%‘1%’8’“&%‘5%'%?18“% F irg V3t pl%?fj %‘H‘Qég%ﬁ car bon
soot . whichowasQosipened dtothe Esigez iof muhe futpacer porti on of the unanneal ed

carbon soot 3f) was [ AC@fte CXanipld, ﬁ@ﬁ&ﬁds‘é&nﬁﬂdﬁu@imﬁﬁdﬁ{ imbspR&e and two
addi tional pieces, Rlifpnﬁg ofz%%gRBgén &G%%Wréﬁ H*ﬁeerthé}att] ealdRPg" tape on

the cathode pl ate o asurerrent Uni t
1). The separati dﬁ“d’f LS rpepmipte;tp 440°C and thy ‘%‘BWW&?“M@‘"U“T 'm  The
vol t age was i ncr ems bourt Ead(@Dpieotas sllowed to cool to room temperature in the furnace in

the same reducing atmosphere and was then removed form the furnace. In each

25 example, the reduced silver metal provided a thin silver film layer which coated
the wire and attached the annealed carbon soot to the wire and resulted in an
electron emitter which was suitable for use as a field emitter cathode. The
electron emission was measured using the cylindrical emission measurement unit
described previously as Measurement Unit II1.

30 This data is shown in Figure 9 wherein Example 12 shows higher
emission, presumably due to higher particle density on the wire due to higher
AgNO; wetting to the copper wire which. in-turn, allows more particles to adhere
to the wire surface. Example 13 shows that top coating decreases the emissivity
of the particles although it increases the anchoring effect of the particles to the

35 wire.

EXAMPLES 14-16
A method for attaching annealed carbon soot particles to metal wires using
a thin gold layer, thereby providing a field emitter cathode, is described in

i4



(E=1.6 x 106 VVm and no em ssion was observed. 35 For Exanple I.
the anneal ed carbon soot was placed on the adhesive side of copper
tape and two additional pieces of conducting copper tape were used to

hol d the copper tape on the cathode plate of the em ssion neasurenent unit

(Measurenent Unit I). The separation distance of the el ectrodes was 0. 19
cm WO 97/18575 PCT/USEB/BT4618575

9
PCT/ US96/ 18146 | | e . Vi =1.6 x 106
V/m and eni ssion %ﬁarmrp]eggntq,”g' Eggﬁ%@ﬁ%ﬁ’@’gfg%ﬁ%&#@%@gqgo %&?Eﬁgsx 105
V/im), the current Teenuecaling pracesywasthe same as indgagPled t s (E=1.6 x 106 V/n),
the current was 26. 7 pAhe wires used in these exafipies tesppdrsthe amealbdedrbansastneal ed

carbon soot did n%r@ghgnemabﬁéﬁé}g{. é,ewiee?hta%m' O3 sBIRGPbLCheGRIbiREN SOOT
fromthe sane ssourfcﬁ Id emit” at vo%a es |les . th%n 3000 yol ts.
EXAVPLES 2-5 ollowed by ripsing @&FBB‘W“%’%&”‘%%’&E‘“‘FW PRSI as prepar ed
by the sane proceswethanol. as described in Exanple 1 except that for these

eﬁperi gggts the at msphﬁﬁﬁaﬁﬁkﬁfgoﬂﬁhpﬂﬁ_g@m&{oﬂg@ﬁcMH‘%%QWQ,W&SSUL e of
about torr. . nneal . rocess. u t0.0r e the
anneal ed car bon so%'tu' It‘fs'?‘éa" af’ Hmsmg,"%"taﬁé“ %Q%ﬁﬁfnggunﬁg‘ ?Ag%a?%rdﬁgl?(fd%\%\ﬁ. The
carbon soot was plBEWRCIHEErs suEgesians dnnealed carbon soot was deyosited onto the wire

10 covered with the gold compound through a 100 micron sieve. When the surface
of the wire was completely covered with annealed carbon soot, the wire was
placed in a quartz boat which was then placed in a furnace.

Heating was carried out in an atmosphere of air. The temperature was
increased at a rate of 25°C per minute to 540°C and this temperature was

15 maintained for 30 minutes to bum off all organic materials. The sample was
allowed to cool to room temperature in the furnace and was then removed form
the fumace. The gold metal provided a thin gold film which coated the wire and
attached the annealed carbon soot to the wire and resulted in an electron emitter
which was suitable for use as a field emitter cathode.

20 In Example 15, a sample was prepared essentially as described for
Example 14 except that after the sample was removed from the furnace, a 50 nm
layer of diamond-like carbon was deposited on the surface to further seal the
structure by laser ablation of a graphite target. Additional description on coating
a fiber or wire with diamond-like-carbon via laser ablation can be found in

25  Davanloo et al.. J. Mater. Res.. Vol. 5. No. 11. Nov. 1990 and in pending in U.S.
Application No. 08/387.539 filed February 13, 1995, (Blanchet-Fincher et al.)
entitled "Diamond Fiber Field Emitters”, the entire contents of which are
incorporated herein by reference. A 264 nin wave length laser beam was used to
make an incident angle of 45° to a graphite target located at the center of the

30  ablation chamber. Laser pulses of 10 nanoseconds with a 2 Hz repetition rate
were used. An energy density of 4 J/em?2 was maintained for 1 minute and the
laser beam was rastered onto the target with a pair of motorized micrometers.
The ablation chamber was maintained at 2 x 10-7 torr (2.67 x 10-5 Pascal). The
wire used was 5 cm away from the target along the direction normal to the target.

35 In Example 16. a sample was prepared essentially as described for
Example 14 except that a 4 mil (100) pm copper wire was used in place of the
tungsten wire,

15



crucible and heated in flow ng argon. The tenperature was increased at a

rate of 25[err] C per minute to 2,500[err]C. The carbon soot was

mai ntai ned at 2.500[err]C for 15 15 minutes for the sanple of Exanple 2.
for 30 mnutes for the sanple of Exanple 3. for 1 hour for the sanple
of Exanple 4. and for 2 hours for the sanpl e of Exanple 5. and cool ed
in the furnackovmsssom t enperature as descri bed i N E¢efbieRngias Te
anneal ed carbon soot \é@s t hen rem)veg m t he furnace. The
anneal ed carbon soot JAREPETEFmIssiono ’Sﬁa‘ & was easyped usigg eed on 20 the

adhesi ve si de of wﬁmﬂm@nmwmamqesmmxgmsmmmu ng copper
tape were used thhdml mhkaiaﬁqpmsvnmaﬁgu@nomﬁn&ia&mﬂﬁeﬂksﬁbﬁlo&trsfohe em ssion

measur enent unit %{p;tﬁoul oécoa'@e separation distance of the
el ectrodes was 0. applied and the em ssion current was
neasured. 25 htPH’é‘C'Sl&'r?mbéd’BFmEkéﬁf)P@seZ‘ ingentigpbavebeens (E=0 x

10[err] VIm. t heiesnmbe(bmtthe foregoing\aescriptidid, ipwWill tetunddoodbytthosé iliedSin 1hel10[ er 1]

V/ th t V/ th
ou F? ot \i/a(s: u rl rlg n 5an"iﬁa? thkAnventidy is @Jpable of nun%%?xg m%ﬁiﬁcﬁmg-lgéébsﬂm on]s%gd at n)6 00 €

volts (E=1 x 106 “?i%ﬁ‘g“‘m‘é ‘”dﬁ‘P?‘é’ﬁEmmg rom \Rﬁél’le g ssseptial afnb%m%ft s ( E | .6
X 10[err] V/m, tikxenten: Referengmshohid b njade 1o|tic appenddd clainks3@tembiut © theF=2
106 VI m) . theocurfeepding\epscifidatin Ré\indRhtingAh sc¥R dfhe mventlor( E=2.5 x 106 V/ ”)

the current was 110.2 pA Fort he sanple of Exanple 4. at 700
volts (E=1.3 x 10[err] V/m. the current was 5.79 pA: at 900 volts
(E=1.6 x 106 VVm. the current was 33.0 pA at 1300 volts (E=2.4 x
106 VIm, the current was 62.1 pA;, at 1400 volts 35 (E=2.5 x 106 V/In), the
current was 79.6 pA. For the sanple of Exanple 5. at 354 volts
(E=6.4 x 105 V/m, the current was 4.79 pA, at 850 volts (E=1.5 x
10[err] VIm, the current was 35.4 pA at 1000 volts (E=1.8 x 10[err]
VIm, the current was 97.8 pA

10
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WD 97/ 18575
PCT/ US96/ 18146 |ts for Exanples 2-5 are
plotted in Figure 5. The res mﬁlﬁ\m‘immm“mhat at 250[err]C the tine of
annealing is not critical. EXAMPLES
6-9 Car bon soot was prepared substantially as described in
Exanpl es 2-5. WOY13@hever, the annealing process used to prr&AHS26/18k4s

anneal ed carbon s%wd in Exarrpl es 6-9 was as follows. Carbon soot
was placed in a grap

eated, | g argon. The
tenperat ure was incr ea{SedXﬁﬁa?m?sa'f’gﬂBfmﬁ?f"@WT% afledca’fbogggr%pnute to
2,850[err] C. The soot 2nasThedickskeniission emittepofgBaimd rwhesin the anpgaled eathansodtor t he

sarrpl e of Exanple ﬁsaf,gﬁclagzmﬁmagsbé@nop,he sanpl e of Exanple 7. and for 1
hour 10 for the sanple 'iﬁem ’en%qgo?CMHE%htﬁﬁtB@&n§ ﬁogf Exanpl e
9 and t hen cooled iht

FRACE tenperature as scribed in
Exampl e 1. The S”‘*&ﬁﬁ@%“éﬁ"ﬁ’a‘f*ﬁdﬁ‘?“s‘dm vvas then renoved fromthe
f ur nace. 4. Thehediehbavhiesioncamitioof €hon 2 shmeinghd ameadeabdartoranpl e

wgz_,t!n-tfr n, pl acsefduragla 1cilesxmt@ém%ﬁdu‘(%t%'a%tﬁ)()ﬁﬂpper tapﬁ ?gddtwo .
addi ti onal pieces o pe re.u 0 ho wn t he
copper tape on the ca hod’g% 1"&‘%@5‘153C?’h‘éd%éﬂing’éﬁpgﬂ%eak&ﬁé’ggﬁ?°éﬁ‘éﬁ’ nit.
The separati onldi stpancserf@hothalbetrmtrodes was 0.19 cm A vol t age was
applied and the em ssigon mrﬁeﬂrumlmmaawf@m&xmbu’uemembsmmxspldnlm't ).

For the sanple of Exanpl | rent 20
was 4.57 pA at 500 Vg}) t el'lzel.:ﬁe eg%%?ﬁlh%& tgfg;fagiﬁn@ \%}?;E%thys&gatg Rea lg)glf
at 650 volts (E=33. 4Te ferlfoon\ﬁar#rde qffodaim 5 yherpin %aéubfzﬁcearwal
For the sanple of beanple 7. at 1500 volts (E=8 x 10[err] V/m, the current

was 1.1 pA andlﬁt 3006, Vome%ieid-:eﬂqlssﬁm)%at}rg& of CBlim 8tvHeremhithE Gidtal WRSis13- 1 PA.

For the sanpl e of E%agp 8, at 1500 volts (E=8 x 10[err] V/Im the current
25 was 11.1 pA d&®at 2500 volts (E=1.3 x 10[err] V/n), the current was
43.0 pA. 10.  The field emission cathode of Claim 8 wherein the metal wire is

tungsten.
11.  The field emission cathode of Claim 8 wherein the metal wire is
20  copper.
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For the sanple of Exanple 9. at 1500 volts (E=8 x 10[err] V/m, the current
was 1.88 pA and at 2000 volts (E=1.6 x 106 V/nm), the current was 4.39 pA
The emi ssion results for Exanples 6-9 are plotted in Figure 6. The results
show that at 28500C the increased tinme of annealing decreases enission.
This is 30 nost probably due to the increased aggl oneration of the
particles at vwoginsss tenperature. Moreover. increasing ther/esssasi4sng
tenperature decreases emssion - slightly, agaln probably due to

aggl onmer at i Qg 1/10 gt A

to be critisg
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at nosphere using a Denton 600 (Denton Conpany, Cherry Hill, NJ) sputtering
10 unit. The glass slide containing the sputtered silver filmserved as
t'he substrate for the anneal ed carbon soot field em ssion particles.
A-solution containing 25 wt %silver nitrate (AgNG3), 3 w % pol yvi nyl .

al cohol (PVA) and 71.9 wt % water was prepared by adding 3 g of PVA, MW
86. 000, (Al drwolrndsrs waukee. W) to 72 g of boiling H20 and PEEUSP¢/18446f Or
about 15 1 hour to conpletely dissolve the PVA. 25 g of AgNJ err] (EM

Sci ence. Ontario. were adde®/f0o the PVA solution at anbient

t enper at ur e NPT , AN AR
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WO 97/ 18575

PCT/ US96/ 18146 In Exanple | 0A, sone of the anneal ed carbon
soot used in Exanple 10 was attached to the adhesive side of copper
adhesive tape (comrercially avail able fromEl ectrol ock, Inc., Chagrin
Falls. OH) by directly sprinkling the anneal ed carbon soot particles

onto the adhegpbyfighigle of the copper tape. The flat-plate BCT/USH/EE60N
measurenent unit (Measurenment Unit 1) was used to neasure the

el ectron em ssion of this sanple of & ‘ealed carbon soot. An el ectrode
separation e St ance Of o e ed_and thic data is also shown in
Figure 7. Conpg ~"lﬁ’ ST e e o ows t hat
the eni ssivity| . I
consi derably b§
Figure 8 shows i

m

pl ot s. A
nmet hod for att re 15
using a thin s# at hode is
descri bed : antially
as descri bed aB as t he
same as in Exa es to
support the an# ing the
wires in a 5% /S g wth
abundant wat er .
In Exampl e 11, § G) ,
3 wt % pol yvi ny adding 3 g
of PVA, MW 8& H20 and 25
stirring for a AgNJ err]
N
&
—
L
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(EM Science. Ontario, NY) were added to the PVA solution at anbi ent
tenperature and the solution was stirred to dissolve the AgNJ err].

A4 mil1 (100 pm copper wire was dipped into the PVA/ ANO3 sol ution

and then imersed into the anneal ed carbon soot. Wen the surface of the
wire 30 was conpletely covered with anneal ed carbon soot, the wire was
pl aced in a wo9r1s§tsart z boat which was then positioned i n POBUSSMBES of a
tube furnace and fired as prevjously descri bed. In
Exanpl es 12 and ' opltaithi no At 04 S '
(AgNG3), 3 wt "y '
surfactant. 35}
3 gof PVAA MY
boi li ng H20 an@G .
PVA. 25 g of AQEE
solution at anig
13 @
PCT/ US96/ 18146 $>
surfactant. ZOW¥
W | m ngt on, DE)
the solution tg
copper W re wag
solution and t

)y addi ng
of
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pany,
ting of
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N
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soot, When the surface of the wire was conpletely covered with anneal ed
car bon soot, the wire was placed in a quartz boat which was then
positioned in the center of a tube furnace. I n Exanpl e
13, a 4 ml (100 pm) copper wire was imrersed in the 10

PVA AgN( err]/ ZONYL[err] FSN solution and then imersed in the anneal ed

car bon swowpn¥stsen t he surface of the wire was conpl et @ECYUSAI4€Ed wit h
anneal ed carbon soot, a thin liquid coating of the

PVA/ AgN( err]/ ZONYL FSN sol ution used in Exanpl e 12 was used to coat

t he anneal ed carbon soot particles using a nebulizer head (Model 121

- Sono- Tek Corporation. Poughkeepsie. NY) that produced a 15 fine m st
conprised of mcron dianeter droplets. The solution was delivered to
t he nebulizer head by a syringe punp at t@@nbate of 18 pL/s for about 30

seconds. During the tinme of depositi the wire was transl ated and
rotated to provide uni form coverage with the solution. The wire was
then placed in a quartz boat whi ch was positioned in the center of a
tube furnace. 20 In all three exanples. firing was carried out in
~a reduci ng atnosphere conpri sed of 2% hydrogen and 98% argon, The
tenperature was increased at a rate of 14[err]C per mnute t@
140[err]C and this ten ; ; T Egch
sanple was allowed to|cool to roomtenperature in the furnace in ~ t he
sanme reduci ng at nosphgre and was then renoved formthe furnace. Ijn each 25
exanpl e, the reduced di Ove =2 by ged-a_thin silver filmlayer which
coat ed the wire|and attached the an QY n.soot to the wire and
resulted in an dl ectron emtter which Waliguitab for use jas a field
emtter cathode. The el ectron em ssion was “ggsure usi ng t
cylindrical em ssion reasurenent unit descr|o‘*\pre§*ously as—
Measurenent Unit 111. {30 This data i s shown\\n |gure wher ein
Exanpl e 12 shows hi ghgr eni ssion, presumably duéiyo higher jparticle
density on the wire dye to higher AgNGB wetting/to\tHe copper wire
which. in-turn, allowd nore particles to adhere hp W re surface.
Exanpl e 13 shows that |top coating decreases the em s5i vi of thes
particles aItth?Q it {increases the anchoring effect q}es Eb
the 35 wre. i o N
A net hod for att@hl ng anneal ed carbon soot particl e: é(; @ng
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a thin gold layer, thereby providing a field emtter cathode, is described

in 14 WO 97/ 18575
PCT/ US96/ 18146 Exanpl es 14-16. Carbon soot was prepared
substantially as in Exanples 2-5. The anneal i ng process was the sane
as in Exanple 6. The wires used in these exanples to support
t he anneal ed cwobprssmsoot were all cleaned by imersi RETURY/\Wi46es in
a 3% HNO3 solution for one minute 5 foll owed by rinsing wth abundant
wat er and then rinsing with acetone and met hanol . In
Exanpl e 14. gold dispersed in an organic base (Aesar 12943, Ward

Hill, MA) was brushed onto a 5 m| (125 pefi0t ungsten wire according to the

manuf acturer's suggestions. Anneal ed carbon soot was deposited onto the
wire 10 covered with the gold conpound through a 100 micron sieve. Wen

t he surface of the wire was conpletely covered with anneal ed carbon
soot, the wire was pl aced in a quartz boat which was then placed in a
fur nace. Heating was carried out in an atnosphere of air. The
t enperature was increased at a rate of 25[err]C per mnute to
540[err] C and this tenperature was 15 mai ntai ned for 30 mnuteg.to bum
off all organic materials. The sanple was all owed to cool t€&@room

tenperature in the f4LnaGe—andAMHL44MNL#Gﬂ%¥€d—#9ﬁﬁh—————44ﬁ?4ﬂEbaCe. The
gold netal provided @ thin gold filmwhich coated the wire and .
attached the anneal efl carbon soot to the wire and resulted in aj & ectron
emtter '
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whi ch was suitable for use as a field emtter cathode. 20 In
Exanpl e 15. a sanple was prepared essentially as described for
Exanple 14 except that after the sanple was renoved fromthe furnace, a 50

nm | ayer of dianond-Iike carbon was deposited on the surface to
further seal the structure by laser ablation of a graphite target.
Addi tional dewor9718§7®n on coati ng a fiber or wire w tRCT/US96/18146

di anond- | i ke-carbon via | aser ablation can be found in 25  Davanl oo et
al.. J. Mater. Res.. Vol. 5. No. 11. Nov. 1990 and in pending in U S
Application No. 08/387.539 filed February 13, 1995. (Bl anchet-Fincher et

al .) entitled "D anond Fiber Field Emtters". the entire contents of
whi ch are i ncorporated herein by reference. A 264 nmwave | ength
| aser beam was used to make an incident angle of 45[err] to a
graphite target located at the center of thg 30 abl ati on chanber. Laser
pul ses of 10 nanoseconds with a 2 Hz repetition rate were used. An
energy density of 4 J/cn2 was maintained for 1 minute and the | aser
beam was rastered onto the target with a pair of notorized m cronetegs.
The abl ati on chanbEr WasTWal ht &rMed ar 2 'x T L 2 ey ]
Pascal ). The wire used was 5 cmaway fromthe target algnggthe
direction normal tp the target. 35 In Exanple 16. a~sanhplije was
prepared essentialfy as described for Exanpl e 14 exceptt kht 4a 4 m |
(100) pm copper wife we® used in place of the tungsten & Be. 4
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WD 97/ 18575

PCT/ US96/ 18146 The el ectron em ssion of all three sanples was
rmeasured using the cylindrical em ssion neasurenent unit descri bed
previ ously as Measur enent Unit Il1l. This data is shown in Figure 10
and indicates that em ssion occurs on different wwres with or wthout
top coats. 5 WO9718575 Al though particul ar enbodi nents of PREUSPESIAS

i nventi on have been described in the foregoing description, it wll
be understood by those skilled in the art that the invention is
capabl e of nunerous nodifications, substitutions and rearrangenents

w t hout departing fromthe spirit or essential attributes of the
i nvention. Reference should be nade to the appended clains, rather than to
the 10 foregoing specification. as indicategngthe scope of the invention.
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1. Afield emssion emtter conprising anneal ed carbon soot.
2. The field emssion emtter of Cdaim1l wherein the anneal ed carbon soot

has a‘particle size |l ess than about 20 pm 5 3. The field
enission emtter of Caiml wherein the anneal ed carbon soot has a
particle size less than 1 pm 4. The field em ssion emtter of
d ai m 2 wher eWO ¥1857anneal ed car bon soot has a parti cPEI/E$%a81Het ween
about 50 to about 100 nm 5. Afield em ssion cathode
conprised of anneal ed carbon soot attached 10 to the surface of a
substrate. : 6. The field em ssion cathode of Caimb5 wherein
the substrate is planar. 7. The field em ssion cathode of
Claim5 wherein the substrate is a fiber. 8. The field
em ssion cathode of Caimb5 wherein the substrate is a netal wire. 15
9. The field em ssion cathode of daim®/ABerein the nmetal wire is
ni ckel . _ 10. The field em ssion cathode of Claim38 wherein the
netal wire is t ungst en. 11. The field em ssion cat hode of
Claim8 wherein the wireis 20 copper.
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