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applications
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Reticulated vitreous carbofRVC) is demonstrated as a viable field emission electron source for
cathodoluminescent lamps. The high void volume and porous structure of RVC help create a large
number of natural emission sites on the surface. Emission centers are formed by the sharp edges of
the carbon struts, which result from simple machining of the macroscopic open-pore material.
Additional surface treatment of the emitters in vacuum or in open air helps to increase the extracted
current and reduce the current fluctuations. Electron emission has been evaluated in the 10 to 500
uA range, in 10 to 108 Torr vacuum ambient. Extended lifetime tests were carried out for over
5000 h in sealed glass prototype devices utilizing commercial cathodoluminescent phosphors.
Brightness levels exceeding 10 000 céivere achieved for diode and triode configurations. The

low cost of manufacturing, along with chemical and mechanical robustness, make RVC a viable
material for electron-beam vacuum device applications such as mercury-free cathodoluminescent
light sources. ©2003 American Vacuum SocietyDOI: 10.1116/1.1527956

[. INTRODUCTION carbon fibers, require manual handling and positioning. Oth-
ers, such as matrix cathodes made of bulk graphite, rely on
Field emission cathodes fabricated from carbon materialgurface micromachining or chemical etching to create an ar-
are known as electron sources capable of producing signifiay of field emission sites. Selective carbon coating of metal
cant emission currents in relatively modest vacuum condior semiconductor field emission arrays or manufacturing of
tions. Carbon fibers and fabrics, natural bulk graphite, singlepatterned field emitters based on carbon nanotubes usually
and multiwall nanotubes, fullerenes, thin films of pyrolitic requires a costly manufacturing process using expensive
and diamondlike carbon, and other forms of carbon materiequipment.
als, as well as carbon coatings of metal and semiconductor In this work, we introduce an alternative carbon material,
field emitters and arrays have been reported recently by nwhich is viable for low-cost field emission cathode manufac-
merous authors as viable electron sources for field emissioturing and suitable for numerous applications. Among the
flat panel displays and other electron-beam vacuum deVicesprimary applications, we consider here a mercury-free, high-
One of the most attractive features for all the carbon materiefficiency cathodoluminescent light source using a reticu-
als compared to field emitter arrays composed of metal olated vitreous carbofRVC) emitter as a field emission elec-
semiconductor microtips is that the products of chemical intron source, and a layer of industrial cathode-ray t(@®&T)
teraction between carbon and most common residual gaségpe phosphor as a source of light of a desirable color.
(oxygen and hydrogenare in turn noncondensable gases
such as carbon monoxide, carbon dioxide, and methane,
which leave no contamination on the emission surface. Anll- RETICULATED VITREOUS CARBON
other property of most carbon materials is a microrough sur- In this research, we present an investigation of electron
face with a statistically large number of micro- and nanopro<ield emission from reticulated vitreous carboRVC is
trusions acting as emission sites; this ensures the robustnesgnufactured as an open-pore material from a raw polymer,
of the emitters under bombardment by the ions of residuasuch as polyurethane foam, or by molding a phenolic resin.
gases. These two factors combine to enable a significantlyhe vitreous(glassy porous carbon is obtained by subse-
higher operating pressure range for carbon cathdadlesut  quent pyrolysis in the temperature range of 600—3000 °C un-
108 Torr) compared to metal microtip@isually 108 Torr  der a controlled nonoxidizing atmosphere to convert the
and bettey. plastic foam to diamond-bonded carbon. The most important
At the present time, however, carbon-based field emissiodistinctions of the glassy carbon material compared to natu-
devices remain mostly in the laboratory stage of developral forms of graphite arél) greater chemical inertness and
ment. A major reason for this is that the known carbon field(2) more uniform nanostructure. Ordinary vitreous carbon,
emitter materials do not conform to manufacturing require-however, is homogeneous, and would require a special sur-
ments readily. Some cathodes, such as arrays or brushesfate treatment or micromachining to generate emission sites.
Recent developments in materials fabrication technologies
¥Electronic mail: chakhovs@ece.ucdavis.edu have enabled the formation of a reticulatédherently po-
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been utilized as a building material for aerospace applica- |
tions, a high-temperature thermal insulator, a filter medium,
and an acoustic control material. We believe RVC material is
ideal as a field emission cathode for vacuum microelectron-
ics applications.

A unique combination of properties of RVC makes it a
viable candidate for usage as a field emission material. Vit- |
reous carbon possesses the mechanical properties of amor
phous glass along with the chemical and electrical properties
of industrial graphite. The three-dimensional porous struc-
ture, with a high void voluméup to 97%, greatly increases
the surface area compared to that of bulk graphNeimer-
ous sharp edges result from simple machining of the RviG. 1. SEM micrograph sho_wing the open-pore honeycomb structure of the
foam, creating innumerable emission sites on the sharp edgE C(::l::t?itr:lode. The arrow points to the vertical wall formed during mechani-
of the carbon “struts” once an electrical field is applied to ¢
the cathode. RVC is nearly inert and oxidation resistant. As a

consequence, it operates well in a modest vacuum ambieghape mold, usually cylindrical with flat or semispherical
where most other cathode materials are subject to surfagghds: thus making the cathode manufacturing process even
contamination due to surface chemical reactions with ions O&impler.
molecules of residual gases. RVC also possesses a greatenye studied cathodes with planar emission surface as well
inherent resistivity compared to solid carbon materialsas cathodes with three-dimensional surface structure made
which is helpful for field emission applications due to the by cutting parallel grooves on the surface. A scanning elec-
resultant localized current limiting. This phenomenon, inygn microscopgSEM) image in Fig. 1 shows a surface of
turn, reduces the probability of surface arcs and can therebyye RvVC cathode prepared by a manual cut; the arrow is
increase the lifetime of the cathode. pointing to the vertical wall formed during cutting. As a re-
Some characteristics of RVC includ#) porosity of com- syt of machining operations, sharp and hard edges of the
mercially available RVC material ranges from 10 to 100 ppiRryC three-dimensional structure are usually formed. These
(pores per inch material with additional compression fac- sharp edges resulting from cuts across carbon struts have
tors of up to 1< can also be manufacture®) surface area  characteristic radii of curvature from 0.2 toi@n, as can be
of up to 66 cnf for 1 cn? of the 100 ppi RVC;(3) void  seen from the SEM image fragment in Fig. 2. The sharp
volume of 90%-97% for different porosity graded) com-  eqges and corners of the carbon struts are acting as field
pressive strengths of 40—70 psi; tensile strengths of 25-5@mjssjon sites due to local enhancement of the applied elec-
psi; and,(5) specific resistivity of 0.47-0.692cm (solid  trical field during the device operation.
vitreous carbon is typically-0.001€) cm). During the measurements the RVC cathodes were
mounted on a flexible stainless steel or molybdenum wire
embedded 2—4 mm deep into the bulk on the back side of the

[ll. EXPERIMENT
A. Cathode manufacturing

We have examined a wide variety of commercially avail-
able RVC samples with different porosities ranging from 10
to 100 ppi, as well as specially fabricated samples with di-
rectional compression along one direction or two orthogonal
directions. Samples with compression factors of, 23X,

5%, and 10x were prepared and tested. The geometry of the
samples also varied. The simplest geometry used included
cubes or rectangular blocks with sides of 3—5 mm machined
or even manually cut from the bulk RVC material using a
simple knife or razor blade. Cylinders with diameters of up
to 20 mm and pyramid configurations were also tested. How-
ever, more sophisticated shapes of the emitters such as three
dimensional arrays, disks, cones, and hollow tubes of various
sizes can be easily machined depending on the desired con
figuration of the electron beam. A number of RVC samplests. 2. sem micrograph showing the fragment of RVC strut with sharp
was fabricated by molding a raw polymer resin into a desireckdges resulting from mechanical machining.
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RVC block. An electrical contact was provided using a few
drops of the colloidal graphite with isopropanol alcohol dried

S . . . . 100
in air for 3—4 h without additional heating. This attachment
provided sufficient mechanical and electrical contact for our
80 —o—A
measurements. ——B
<
= 60
c
2
B. Experimental setup and surface treatment ::) 40
We tested the cathodes in high-vacuum and ultrahigh- 20
vacuum ambient in stainless steel chambers equipped with
an ion or turbo pump. Although the pumps could provide an 0
ultimate pressure down to 18 Torr, some experiments were 500 1000 1500 2000

carried out only after a brief period of pumping to the level (@)

a 7 . Anode voltage, V
of 107°-10 "Torr. A few samples were also tested in a

miniature sealed stainless steel chamber with a volume of 0.2 107
| and an appendage 2 I/s ion pump.

During the operation, the cathodes were kept at either a 1079 4>
ground or high negative potential, while phosphor screens "
made of high-voltage P-22 commercial television phosphors ~ 1075
deposited over an indium tin oxide-coated glass or a metal >
disk were used as anodes kept at high positive or ground = g7
voltage, respectively.

The cathodes positioned 2—-5 mm from the phosphor 10784 TN
screens were tested in dc mode at low to medium voltages— .
from 500 to 8000 V. The behavior of the RVC emitters is 10 e
quite similar to the behavior of the carbon fiber or bulk 05 06 07 08 09 1 1.1
graphite cathodes: during the very first turn-on, the increase (b) 1000/V anode

of extracting voltage results in a very slow increase of the ) o o

emission current; then one can often observe a sudden arcifl, 2, & Mol IV clarslrites o & fu eniter i de mode)
in the chamber resulting in a series of “spikes” in the/ untreated surface; B—after 30 min treatment with dc current.
characteristics. This arcing is followed by an abrupt increase

or decrease in the emission current and corresponding

changes of thé/V characteristics and field emission patternOf time for each RVC sample to achieve the same level of
on the phosphor screen. After a period of fairly unstableeMmission stability.

operation, the emission behavior becomes significantly more During activation of the cathodes it was found that the
stable, usually at higher voltages than during the initial turn-desired natural stabilization of RVC emission can be
on. This process of the stabilization of the cathode characteAchieved faster by providing a gradual increase of the dc
istics may last anywhere from a few minutes to a few hdurs.
Typical I/V characteristics showing the performance of the 4
cathode during the first turn-on and after 2 h of operation g
under dc load at the extracting voltage of 1700 V are shown§
in Fig. 3. The arrows indicate the arcs occurring during the €
initial increase of the voltage. Figure 4 shows the short-term%
emission current stability of the same cathode immediatelyd 40
following the first turn-on, and after 2 h of operation. This
natural stabilization of the emission current under continuous 30
dc load, often referred to as “training” or “conditioning” of

carbon emitters,may be explained by desorption of the ini- 20
tial contaminants left on the surface of the emitter, and by
destruction of the sharpest emission sites. After the sharpes
sites are destroyed during the initial period of operation, the
current gets distributed more uniformly among a large
amount of emission sites, related to fine structures develope
on the surface, as seen from Fig. 5. Obviously, the perfor-
mance of RVC cathodes made of material with different po- Time, s
rosity grades is different due to different densities of shargys. 4. short-term stavility of emission current during first turnanand
carbon “tips” at the surface, and it takes a different amountafter two hours of dc operatiof®).
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Fic. 5. Emission surface after conditioning by dc current for Lright).

SEM, magnification 1008, scale bar corresponds to 1an. Fic. 6. Emission surface after thermal treatment in open air, SEM, magni-

fication 2000<.

current level in several steps from 10%-15% to about 150%

of the desired emission level while holding the current forand a grounded metéhickel or stainless steegrid was used
10-15 min at each stéyt should be pointed that even after as an extraction electrode. The vacuum in the tubes was
a long period of “training” the emission current can never maintained using a barium evaporative getter. External 10—
achieve an absolutely stable state. The fluctuations of currerio0 MQ ballast resistors were connected to the cathodes to
within 10%—-20% of the average value are generally preserimit arcing. We have routinely achieved brightness levels of
during the lifetime of the cathode, being accompanied byl0 000+ cd/cnf at emission currents below 2QA for di-
slight changes in the field emission pattern. On the otheode and triode configurations. Although a gradual decrease
hand, this behavior may be an indication of a statistical equief the average current value and of the corresponding phos-
librium of the destructive and recuperative processes on thghor screen brightness was observed during the lifetime of
emission surface involving a constant redistribution of thesome devices, in many cases the emission current remained
net emission current over a large number of the emissiowithin 20% of its initial value.

sites. The magnitude of the fluctuations can be reduced by

including a series ballast resistor of 10-500M D. High-voltage tests and beam focusing

While a multistep training with dc current provides a . o .
good improvement of emission properties, it still requires a Operation of the RVC cathodes with different porosities

significant time. It has been found that the identical surfacé2"9N9 from 50 to 100 ppi was also observed in a vacuum of

_6 . .
morphology as obtained by current or voltage training can béLO Torr at much higher acceleration voltages—up to 55 kv

. : . . . in pulsed and dc diode mode. For this experiment, the field
duplicated by applying localized high-energy radiatiefec- o . . .
trol; beam, gptiggl,yorgperhaps othger sou}ggﬁis has been €Mission cathode was placed in a high-voltage chamber with

_8 .
demonstrated using optical energy in ‘airs can be seen in a:bnaqsae f;e;?]u:(; or?(fﬁeta-lrorlget 2Od;é3ncir? Egzcmhi\gaﬁ/or
Fig. 6. The same result has been reported using a laser I)IQ u P wi phosphor.

electron beam for punching rivet holes in carbon
composited, or using a high-energy pulse laser in treating
doped silicon to make a field emission surfdc8athodes

thus treated emit identically to samples trained by dc current.

C. Long-term tests in sealed glass devices

Sample emitters made of 100 ppi RVC were tested at
currents ranging from 10 to 20QA in triode mode for a
period of 5006~ h in a specially designed test rack using
sealed vacuum glass “test tubes,” as shown in Fig. =
7—capsules built using industrial CRT technoldgihe test |/
devices were intended to serve as proof of principle proto-
types for mercury-free cathodoluminescent light sources us: (a) (b)
ing colored and warm-white television type phosphors such

_ e 1G. 7. Sealed test CL light source prototypés) aluminized phosphor
as P-22. The aluminized phosphor coated front end platgcreen and high voltage conta¢®) grid (at ground potentia) (3) RVC

used as an anode was kept at high voltage, up to 8 kV, th@mitter(negatively biasex (4) glass insulator5) ceramics basép) emitter
RVC cylinder (cathodg¢ was negatively biased up to 4 kV, and grid contacts, ang’) getter.
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30 IV. CONCLUSIONS
259
Field emitters made from reticulated vitreous carbon were

examined. The high void volume and porous structure of this
} + material naturally help to create a large number of emission

E & + sites on the surface. Emission centers are formed by sharp
54

20

Spot size, cm
o
1

. edges of carbon struts resulting from simple mechanical ma-
, mm .. . . .
0 . T T : chining. The low cost of manufacturing along with chemical
L inertness and mechanical robustness make this material a
good prospect for vacuum electron-beam applications. The
emission properties of the RVC are characterized by the po-
Fic. 8. Focusing of electron beam. RVC cathddgis recessed in a nickel rosity grade' which is responsible for the total surface area.
cup (2): electron-beam size on the screen is measured versus the RVC rg-. — . . . .
cession depth. below the cup edge. T’-'.|eld emission was studied in moo!est vacuum ambient in
diode and triode mode at low to medium voltagé80—8000
V) resulting in currents up to 12AA, and at high voltages
High voltage was applied to the RVC cathode; the metalup to 55 kV) resulting in currents up to 10 mA. Sealed glass
plate was kept at the ground potential. Because of the risk girototype devices demonstrated the concept of cathodolumi-
X-ray generation, the stainless chamber was surrounded mescent mercury-free light source with brightness of
lead plates, and the viewport was covered by lead glass. ThE0 000+ cd/nf. Field emission cathodes made of RVC can
x-ray level outside the lead box was continuously monitorede viable low cost field emitters for various vacuum electron-
using a portable x-ray sensor. beam applications.
During the high-voltage tests, stable emission at a current
level up to 10 mA has been observed over 2—4 h for a total
of six samples. It should be noted that the operation of the
field emitters was accompanied by a significant outgassing
from the phosphor screen, resulting in a chamber pressurée'See, for example, annual Proceedings of the International Vacuum Micro-
increase up to the level of 16 Torr electronics Conference, 1989-2001.
. ) _
The significant distance between the cathode and the,> Va9 Electrochim. Actd6, 1721(1981. .
. Technical Prospectus, Energy Research and Generation, Inc., Oakland,
phosphor screen resulted in a large beam spread on the phoscp,
phor screen, resulting in a beam spot exceeding the diametefA. G. Chakhovskoi and C. E. Hunt, i2th International Vacuum Micro-
of the screen, with part of the beam captured by the walls of electronics Conference Technical Digest, Darmstadt, Germany, 1999
the chamber. To reduce the beam spread, the RVC emitter,MM-VDE/VDI, Frankiurt, Germany, 1999 pp. 338-339.
. di 3 di ickel A . f E. P. Sheshin, Ultramicroscoig, 101 (1999.
was positioned in an 8-mm-diam nickel cap. A recession of sy g, Chakhovskoi, C. E. Hunt, and D. E. Booth, in Abstracts of 2000
the top surface of the RVC block below the edge of the CUP, MRS Spring Meeting, San Francis¢onpublisheg, Paper R.5.8.
as shown in Fig. 8, helped to reduce the beam size. At the’A. G. Chakhovskoi, C. E. Hunt, G. Forsberg, T. Nilsson, and P. Persson,
same time, the voltage necessary to maintain the current in Proceedings of the 14th International Vacuum Microelectronics Con-
’ . . ference, Davis, CA, 200AEEE, Piscataway, NJ, 2001pp. 263—264.
level had to be Increaseq for a maximum of SQ% kv 8C. F. Cheng, Y. C. Tsui, and T. W. Clyne, Acta Mat46, 4273(1998.
versus 37 kY for a recession of the cathode at the level of 4 o1y Her, R. J. Finlay, C. Wu, and E. Mazur, Appl. Phys. A: Mater. Sci.
mm below the cup edge. Process70, 383 (2000.
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