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[57] ABSTRACT

A method of preparing diamond thin films with improved
field emission properties. The method includes preparing a
diamond thin film on a substrate, such as Mo, W, Si and Ni.
An atmosphere of hydrogen (molecular or atomic) can be
provided above the already deposited film to form absorbed
hydrogen to reduce the work function and enhance field
emission properties of the diamond film. In addition, hydro-
gen can be absorbed on intergranular surfaces to enhance
electrical conductivity of the diamond film. The treated
diamond film can be part of a microtip array in a flat panel
display.

15 Claims, 2 Drawing Sheets
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METHOD OF IMPROVING FIELD
EMISSION CHARACTERISTICS OF
DIAMOND THIN FILMS

This application is a continuation-in-part of Ser. No.
143,866 filed Oct. 27, 1993, now U.S. Pat. No. 5,620,512,
which is a continuation-in-part of Ser. No. 35,419, filed Mar.
23, 1993, now U.S. Pat. No. 5,370,855, which is a
continuation-in-part of Ser. No. 797,590 filed Nov. 25, 1991,
now U.S. Pat. No. 5,209,916.

This invention was made with Government support
under contract No. W-31-109-ENG-38 between the Univer-
sity of Chicago and the U.S. Department of Energy. The
Government has certain rights in this invention.

The present invention is concerned generally with a
system and method for making thin diamond films having
improved field emission characteristics. More particularly,
the invention is concerned with a system and method of
improving field emission characteristics of diamond thin
films by providing a source of hydrogen molecules or atomic
hydrogen for promoting hydrogen adsorption onto a dia-
mond film either being manufactured or being used as a field
emitter. The hydrogen adsorbed onto the exposed diamond
film surface acts to lower the work function and thus
improve emission. The hydrogen further enables establish-
ing high conductivity paths along diamond grain boundaries.

There is a substantial effort underway to manufacture
field emission flat panel devices for use in computer displays
and instrument readouts. Such displays use a matrix-
addressed phosphor screen readout and are capable of much
higher brightness, higher energy efficiency and better read-
ability than the currently used liquid crystal displays. Opera-
tion of a field emission display requires a cold cathode
electron source in which the emission current can be con-
trolled by the application of voltages on row and column
electrodes. A cold cathode electron source consists of an
electron emitting material, configured either as a smooth
surface or as an array of sharp tips which enhance the local
electric field and result in electron emission at lower volt-
ages than the smooth surface. The electron emitting material
can be used either in bulk form or as a thin film on a smooth
or deliberately textured surface. Microtip arrays are typi-
cally made of either silicon or a refractory metal, such as
Mo. The tips, however, are subject to blunting as a result of
prolonged electron emission.

Furthermore, diamond is one of the best thermal con-
ductors known, with a thermal conductivity approximately
five times higher than that of copper, and also, in some
forms, acts as an efficient electron emitter. Diamond film
coatings on a microtip array, therefore, distribute the thermal
load, permitting higher emission currents without tip
blunting, and can permit reduced voltage operation on either
smooth surface emitters or microtip arrays. However, dia-
mond is an excellent electrical insulator, and in order to
function effectively as an electron emitting material, it is
necessary to provide conducting paths from the substrate to
the surface of the diamond. These conducting paths can be
produced either by (1) degrading the overall quality of the
diamond, (2) creating intersecting graphitic or amorphous
carbon paths around the diamond grains, or (3) modifying
the diamond grain boundaries by, for example, hydrogen
diffusion so that there is an extremely thin conducting layer
on the surface of the diamond grains. This latter approach
also results in hydrogen termination of the free diamond
surface, thereby decreasing the work function and increasing
the emission current for a given applied voltage.

It is, therefore, an object of the invention to provide an
improved article and method of manufacture of a field
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emission material with desirable electrical conductivity and
lowered work function.

It is another object of the invention to provide a novel
article and method of manufacture of a nanocrystalline
diamond film for use as a field emission material.

It is a further object of the invention to provide an
improved article and method of manufacture of a nanocrys-
talline diamond film with surface terminated hydrogen
bonds for use as a field emission material.

It is an additional object of the invention to provide a
novel article and method of manufacture of a diamond film
having a hydrogen gas atmosphere maintained above the
film by a hydrogen source.

It is also an object of the invention to provide an
improved article and method of manufacture of a diamond
film having surface terminated hydrogen atom bonds pro-
vided by atomic hydrogen produced in a chamber with an
electrically heated filament in a hydrogen gas atmosphere
disposed in communication with a volume containing the
diamond film.

It is yet another object of the invention to provide a novel
article and method of manufacture for diamond films having
a lowered work function for field emission microtips.

It is also an additional object of the invention to provide
an improved article and method of manufacture for diamond
films with hydrogen bonded surface states using metal alloy
hydrides to generate a controlled, continuous supply of
hydrogen gas above the film.

It is yet a further object of the invention to provide a
novel article and method of manufacture of nanocrystalline
diamond films with controlled amounts of intergranular
hydrogen to adjust electronic conduction in the diamond
film.

These and other objects of the invention will be
described in detail in the description provided hereinbelow
and taken in conjunction with the drawings described below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a flat panel display system including an
enclosed, hydrogen gas ambient to promote hydrogen
adsorption by a diamond film of a flat panel display;

FIG. 2 illustrates another system for providing hydrogen
gas from a source for adsorption by a diamond film of a flat
panel display; and

FIG. 3 illustrates the use of an external source of molecu-
lar hydrogen and the additional use of a heated filament to
promote the formation of atomic hydrogen for adsorption
onto diamond.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

A typical diode field emission flat panel display 10 is
depicted in the figures. In particular, in FIG. 1, cathode
material 20 is present either as a diamond film on a smooth
surface 22 or as a diamond coating on a microtip array 24.
The preferred substrate 16 for the diamond film can be W,
Mo, Si and Ni. A hydrogen gas ambient above the diamond
film can be provided by sealing the display 10 after provid-
ing the hydrogen gas atmosphere.

In another embodiment shown in FIG. 2, the hydrogen gas
ambient can be provided by an attached chamber 26 coupled
to the flat panel display 10. The attached chamber 26 can
include a metal hydride and/or getter material 18 which can
be activated after assembly. The hydride can be a rare earth
metal hydride, for example, LaNis_ AL H , wherein X is
0=x=35. Such hydrides allow the user to vary the hydrogen
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equilibrium pressure over a wide pressure range using
different metal hydrides. In general, the stoichiometry of any
such hydride can be varied to allow further control of
hydrogen pressure. To obtain very low hydrogen pressures,
one can use substantially pure L.a metal or a hydrogen getter
material, such as ZrAl alloys. Depending on the desired
hydrogen pressure which is optimal, a particular hydrogen
pressure can thus be maintained above the diamond film.

In another embodiment, shown in FIG. 3, the hydrogen
atmosphere can be provided by at least one of (1) an external
hydrogen source 21 with a gas valve 23 in line 25 attached
to the flat panel display 10, or (2) an electrically heated
filament 27 disposed either in the incoming hydrogen gas
stream or near the diamond surface enclosed within the
display 10 to promote the formation of atomic hydrogen for
more efficient surface adsorption of hydrogen and enhanced
grain boundary hydrogen diffusion.

The presence of a controlled hydrogen atmosphere per-
mits establishing a selected, particular level of hydrogen
bonds to the dangling carbon bonds at the surface of the
diamond film. The presence of these hydrogen bonds
reduces the work function for the diamond, increasing the
emission current density and/or allowing lower voltage
operation, thereby enabling use as an effective electron
source for the flat panel display 16. The previously described
metal alloy hydride source can be particularly advantageous
since it will maintain a substantially constant pressure,
enabling replacement of hydrogen desorbed during active
electron emission operation. Such hydride sources also do
not present a substantial hazard which a pressurized hydro-
gen gas source might.

A field emission microtip 38 has a diamond thin film
overlayer which will have a much longer lifetime and, as a
consequence of the reduced work function and enhanced
electrical conductivity, can function virtually indefinitely in
the flat matrix display 16.

The invention also includes a method of preparing dia-
mond thin films comprising the steps of providing a hydro-
gen atmosphere to a sealed chamber containing a substrate
and depositing a diamond film on the substrate in the
presence of hydrogen at a substrate temperature which is
low enough to permit the incorporation of hydrogen into the
growing film, thereby absorbing hydrogen onto the inter-
grandular surfaces of the diamond film.

The invention also includes the method where the hydro-
gen above the diamond film is provided after the deposition
of the film, thereby forming and replenishing hydrogen
bonds with surface carbon atoms of the diamond film as
hydrogen is desorbed during electron emission.

The invention further includes the method as previously
set forth wherein a heated metal filament is incorporated into
the chamber to promote the adsorption of atomic hydrogen
on the film.

The invention further includes the method as previously
described wherein the hydrogen atmosphere is provided by
at least one providing hydrogen from (a) an external valved
hydrogen gas source, (b) a reversible hydrogen getter such
as a rare earth hydride material, or (¢) a hydrogen gas
atmosphere in the sealed gas chamber.

While preferred embodiments of the invention have been
shown and described, it will be clear to those skilled in the
art that various changes and modifications can be made
without departing from the invention in its broader aspects
as set forth in the claims provided hereinafter.

What is claimed is:

1. A method of replenishing terminal hydrogens in a
hydrogen-terminated diamond thin films during use as a
field emission device, comprising the steps of:
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depositing a diamond film on a substrate;

providing a sealed chamber containing the diamond film,
coupling the diamond film to a cold cathode source to
form a field emission device for use as a display; and

maintaining an atmosphere of hydrogen above the dia-
mond film without any further diamond film
deposition,

whereby during desorption of hydrogen from surface

carbon atoms during field emission when the diamond
film is used as a display, the hydrogen in the atmo-
sphere in the sealed chamber replenishes the hydrogen
desorbed during said use.

2. The method as defined in claim 1 wherein the step of
maintaining the hydrogen atmosphere comprises activating
an electrically heated filament in the hydrogen atmosphere
to form atomic hydrogen.

3. The method as defined in claim 1 wherein said step of
maintaining an atmosphere of hydrogen comprises provid-
ing a source of hydrogen gas coupled to a sealed chamber
containing the diamond film.

4. The method as defined in claim 3 wherein said step of
maintaining an atmosphere of hydrogen comprises provid-
ing a metal hydride to maintain a hydrogen gas pressure
above the diamond film.

5. The method as defined in claim 4 wherein the metal
hydride consists essentially of a rare earth hydride.

6. The method as defined in claim 4 wherein the rare earth
hydride consists essentially of LaNis_ Al , wherein X is
0=x=S5.

7. The method as defined in claim 3 further including
providing a hydrogen getter material in said chamber
coupled to the hydrogen atmosphere to control hydrogen gas
pressure in said chamber.

8. The method as defined in claim 3 wherein said step of
maintaining an atmosphere of hydrogen comprises provid-
ing a pressurized source of hydrogen gas.

9. The method as defined in claim 1 further including the
step of bonding the hydrogen to surface carbon atoms of the
diamond film, thereby enhancing electron emission from the
diamond film during said use.

10. The method as defined in claim 9 wherein the hydro-
gen is selected from the group consisting of atomic hydro-
gen and molecular hydrogen.

11. The method as defined in claim 1 wherein said
substrate is selected from the group consisting of W, Mo, Si
and Ni.

12. A method of preparing diamond thin films for use as
field emission devices in a display, comprising the steps of:

providing a hydrogen atmosphere to a sealed chamber

containing a substrate;
depositing a diamond thin film on the substrate in the
presence of the hydrogen at a substrate temperature
which is low enough to permit the incorporation of
hydrogen into the film during deposition, thereby
adsorbing hydrogen onto intergranular surfaces of the
diamond film;
coupling the diamond film to a cold cathode source to
form a field emission device for use as a display; and

maintaining an atmosphere of hydrogen above the dia-
mond film without any further diamond film
deposition,

whereby during desorption of hydrogen from surface

carbon atoms during field emission when the diamond
film is used as a display, the hydrogen in the atmo-
sphere in the sealed chamber replenishes the hydrogen
desorbed during said use.
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13. The method as defined in claim 12 further including
the step of providing hydrogen above the diamond film after
deposition of the film, thereby forming and replenishing
hydrogen bonds with surface carbon atoms of the diamond
film as hydrogen is desorbed during electron emission when
the diamond thin film is in use as a field emitter in a flat
panel display.

14. The method as defined in claim 12 further including
the step of incorporating a heated metal filament in said

6

chamber to promote the adsorption of atomic hydrogen on
the diamond film.

15. The method as defined in claim 12, wherein the step
of providing a hydrogen atmosphere comprises at least one
of providing hydrogen from (a) an external valved hydrogen
gas source, or (b) a rare earth hydride material.
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