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This invention relates in general to integrated m croel ectronic devices and
5 rel ates noweogrsesss cul arly to devices having a sinplified gepgédsashs On

especi al |l y adapt ed for use in displays and to sinplified nethods of
fabricating such mcroel ectronic devi ces, including nethods for
fabricating a hernetically seal ed chanmber in a substrate.

BACKGROUND OF THE | NVENTI ON Fi el d-em ssi on di splays are

consi dered an atRESERIFEOANt ernative and repl acenent 10 for
| i qui d-crystal displays, because of their | ower manufacturing cost and

| ower ©conpl exiFabrichtiow Proceysior Eennctigally Senled Chimnbernin Syibistrates, and
i nproved range of viewi ng angles. Mcroelectronic field-em ssion
devi ces nore genBEQHNICALNFIRIND) attractive alternatives to

sem conduct or devi cesThisihventiol relited ih garerdl 6 inteBRted IniCRRRBIr6hiOdevices and
* 5 relates more particularly to devices having a simplified construction especially adapted
for use in displays and to simplified methods of fabricating such microelectronic
devices, including methods for fabricating a hermetically sealed chamber in a substrate.

BACKGROUND OF THE INVENTION _
Field-emission displays are considered an attractive alternative and replacement
10 for liquid-crystal displays, because of their lower manufacturing cost and lower
complexity, lower power consumption, higher brightness, and improved range of
viewing angles. Microelectronic field-emission devices more generally are also
attractive alternatives to semiconductor devices for many applications, being capable of
high performance and being capable of fabrication from a wide range of materials with
15 less stringent controls of material purity, but with fabrication processes and equipment
similar to those used for semiconductor fabrication. A review article on the general
subject of vacuum microelectronics was pubﬁshed in 1992: Heinz H. Busta "Vacuum
Microelectronics - 1992," in Journal of Micromechanics and Microengineering, Vol. 2,
No. 2 (June 1992). An article by Katherine Derbyshire, "Beyond AMLCDs: Field
20 Emission Displays?" in Solid State Technology, Vol. 37 No. 11 (Nov. 1994) pages 55-
65, summarized fabricition methods and principles of operation of some of the
competing designs for field-emission devices and discussed some applications of field-
emission devices to flat-panel displays. The theory of cold field emission of electrons
. from metals is discussed in many textbooks and monographs, including the monograph
" 25 by R. O. Jenkins and W. G. Trodden, "Electron and Ion Emission From Solids” (Dover
Publications, Inc., New York, NY, 1965), Chapter 4.

NOTATIONS AND NOMENCLATURE

The terms emitter and cathode are used interchangeably throughout this
specification to mean a field-emission cathode. The term "controf electrode" is used

. 30 herein to denote an electrode that is analogous in function to the control grid ina
vacuum-tube triode. Such electrodes have also been called "gates" in the field-
. emission device related art literature. Ohmic contact is used herein to denote an

electrical contact that is non-rectifying. Phosphor is used in this specification to mean
a material characterized by cathodoluminescence. In descriptions of phosphors, a
35 conventional notation is used wherein the chemical formula for a host or matrix
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15 the substrate and carrying a phosphor which produces the display's light output by
cathodoluminescence. A few cold-cathode microelectronic devices have had field
emitters oriented in a plane substantially parallel to their substrates, as for example in
U.S. Pat. No. 4,728,851 by Lambe, U.S. Pat. No. 4,827,177 by Lee et al., and U.S.
Pat. Nos. 5,233,263 and 5,308,439 by Cronin et al. The terminology "lateral field
20 emission" and "lateral cathode" or "lateral emitter" of the latter two patents by Cronin
et al. will be adopted herein to refer to a structure in which the field emitter tip or
blade edge points in a lateral direction, i.e. substantially parallel to the substrate. In
such lateral cathode structures of the prior art the anode is oriented substantially
orthogonally to the substrate and to the emitter (as in U.S. Pat. Nos. 5,233,263 and
25 5,308,439 by Cronin et al ), or is coplanar with the emitter (as in U.S. Pat. No.
4,827,177 by Lee et al.), or requires a transparent substrate (as in U.S. Pat. No.
4,728,851 by Lambe). Some device structures and fabrication processes using lateral
cathode configurations have been found to have distinct advantages, such as extremely
fine cathode edges or tips and precise control of the inter-element dimensions,
30 alignments, capacitances,' and of the required bias voltages.
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10 into the phosphor is on the order of 1 nanometer. Therefore, in displays using prior art
lateral electron field-emission device display elements, the light emission due to
cathodoluminescence occurs along the edge of the phosphor facing the emitter
element. Furthermore, other electron field-emission displays such as the Spindt type
(described in the patent by Spindt et al. and in the review article by H. H. Busta cited

15 berein above) typically emit light at a phosphor surface which is opposite the phosphor
surface facing the observer.

The device structure described herein has a lateral electron emitter situated a
distance above the anode phosphor. With an appropriate applied bias, the emitted
electrons spread out over the top surface of the phosphor and impinge over a wider

20 area of the phosphor element than with other Iateral electron field-emission device
display elements. Hence, with this new structure, the light is emitted in direct view of
the observer and is not attenuated by passing through the phosphor as is the case with
prior art structures. Also, the light is generated over a larger portion of the cell area
than in prior art structures. The prior art descriptions of lateral-emitter field-emission

25 display elements do not show how to provide a bias voltage contact to the phosphor of
such an anode element. The new structure described herein has a metal anode contact
situated below the phosphor ("buried") and also may have means for connecting to that
buried contact from the surface for applying electrical bias. In particular, the simplified
structure may be fabricated within a hermetically sealed chamber in the substrate.

30 While the lateral-emitter type of construction has the distinct advantages
described above, those lateral-emitter field-emission devices heretofore available
having the most precise control of inter-element dimensions and alignment have been
somewhat expensive to fabricate because of the relatively large number of materials
and process steps used. Those process steps have included steps using conformal

35 layers of sacrificial materials needed to form spacers that define some of the
dimensions. The present invention eliminates some of the materials and process steps
needed for fabrication, thus reducing fabrication time and cost and also providing a



15 .the substrate and carrying a phosphor which produces the display's

| i ght out put by cat hodol um nescence. A few col d-cat hode
m'croel ectroni ¢ devices have had field emtters oriented in a plane
substantially parallel to their substrates, as for exanple in u. S.
Pat. No. 4, 728, %obebssskanbe, U S. Pat. No. 4,827,177 by Lee etpétrusocmish7

- U S Pat. Nos. 5,233,263 and 5,308,439 by Cronin et al. The
term nology "lateral field 20 em ssion" "lateral cathode"” or "lateral

enitter” of the simplified annde srucawe, svhile retaining the advantages of laterpl cathode be adopt ed
herein to refer ténsBudion\sat iiherently aikdrfiatictalignrhenebfthelateral eithddeptyparofdesxgn

'he. substrato. 1 quis snbler e ol iplr Mmé@'ﬁ%% es“#"?%e B ot

the anode is ori Beldeffee deviceshaving phosphor anodes ysadifor display for figlek-r at e
and to the gm Ut @ffect @6vited withdut pidspho J\'Gﬁms@lezﬁgse&@ﬁreﬂﬁhiﬁﬁessevéaﬁﬂ%bl@ﬁﬁ by

Cronin et al.), O cthrs € Ia.narvmththe emtter (as in U S Pat.
4,827,177 by Leee’gft“ﬁl §i10 F&qw res a transparent substrate (as |n u. S.
Pat . No. 4,728, 851 Lanbe). Sonme device structures and
fabrication procBU!@SEs, B, ADVANTA&E&)@EW@FQUM have

been found to have di t advant
cat hode. 6dges or t1 psARIESPEEUG: GRS IPlon i oA & AP with improye 806

30 al i gnment smnisapnﬁ'omadee]l ofithe displayh & related iobject isx Gedd-ewission device
\F/)\QT? S/S gg ?82133 . structure specially adapted for use in  display cell. Another related object is a field-
emission display which allows light emitted from a phosphor to be aimed more directly
toward the viewer of the display. Another related object is a field-emission display cell
structure in which the light emission area occupies a larger portion of the cell area than
in prior art devices of the lateral-emitter type. Another object of the invention is 2
15 metallization structure that allows the other features and advantages of an improved
lateral-emitter field-emission display device to be realized. A particular object is an
anode electrical contact structure that does not obscure any portion of a phosphor
surface of a display cell. A related object is an anode contact that can act as a mirror
to reflect emitted light toward the observer of the display. Another object is a display
20 cell anode structure that provides improved perforinance with coulombic aging of the
phosphor thereby being reduced or eliminated. Another particular object is a display
cell simplified by having a control electrode configuration that may be made with a
smgle metallization step. An overall object of the invention is an improved display
which nevertheless retains all the known advantages of lateral-emitter field-emission
25 devices, including the following: extremely fine cathode edges or tips; exact control of
. the cathode-to-anode distance (to reduce device operating voltage and to reduce
device-to-device variability); exact control of the cathode-to-control-electrode distance
(to control the control-electrode-to-cathode overlap, and thereby control the inter-
electrode capacitances and more precisely control the required bias voltage); inherent
30 alignment of the control-electrode and cathode structures; self-alignment of the anode
' structure to the control-electrode and cathode; and improved layout density. Another
object of the invention related to retaining known advantages of lateral-emitter field-
emission devices is the significant design flexibility provided by an integrated structure
which reduces the number of interconnections between devices, thus reducing costs
35 and increasing device reliability and performance. Another important object of the
invention is a process using existing microelectronic fabrication techniques and
apparatus for making integrated lateral-emitter field-emission display device cell
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case with the plane of the lateral emitter and recelm electrons enutted by ﬁeld emission from the
15 blade edge or tip of the lateral-emitter cathode, when a suitable bias voltage is applied.
The device may be configured as a diode, or as a triode, tetrode, etc. having one or
more control electrodes positioned to allow control of current from the emitter to the
anode by an electrical signal applied to the control electrode. In a particularly simple
embodiment, a single control electrode is positioned in a plane above or below the
20 emitter edge or tip and automatically aligned to that edge. The simplified devices are
specially adapted for use in arrays, including field-emission display arrays.

In another aspect of the invention, a novel fabrication process using process
steps similar to those of semiconductor integrated circuit fabrication is used to produce
the novel devices and their arrays. Various embodiments of the fabrication process

25 allow the use of conductive or insulating substrates and allow fabrication of devices
having various functions and complexity. The anude is simply fabricated, without the
use of prior art processes which formed a spacer made by a conformal coating. Ina
preferred fabrication process for the simplified anode device, the following steps are
perfomed: an anode film is deposited; an insulator film is deposited over the anode

30 film; an ultra-thin conductive emitter film is deposited over the insulator and patterned;
a trench opening is etched through the emitter and insulator, stopping at the anode
film, thus forming and automatically aligning an emitting edge of the emitter; and
means are provided for applying an electrical bias to the emitter and anode, sufficient

. to cause field emission of electrons from the emitting edge of the emitter to the anode.

35 The anode film may comprise a phosphor for a device specially adapted for use in a

field-emission display. The fabrication process may also include steps to deposit
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~ PCT/ US96/ 08237 Fig. 3 shows a side elevation cross-sectional view of an alternate embodiment

of a single field-emission device.

10 Figs. 4a and 4b together show a flow diagram of an embodiment of a
fabrication process performed in accordance with the invention.

Figs. 5a and 5b together show a series of side elevation cross sectional views
corresponding to results of the process steps of Figs. 4a and 4b.

DETAILED DESCRIFTION OF THE PREFERRED EMBODIMENTS

15 Fig. 1 shows a plan view of a portion of a preferred array embodiment of field-
emission devices made in accordance with the invention. In the simple array of Fig. 1,
each field-emission device shares an anode with at least one other device, and each
anode is shared by two or more devices. Some of the emitters in Fig. 1 are also shared
by two devices. This sharing of elements between devices is not necessary for use or

20 - operation of the invention, but it is sometimes useful in designing and fabricating arrays
with higher density (in terms of the number of devices per unit area). The basic
features of devices made in accordance with the invention may be clearly understood
by considering the single device of Fig. 2.

Fig. 2 shows a side elevation cross-sectional view of an embodiment of a single

25 field-emission device made in accordance with the invention. The field-emission
device, denoted generally by 10, is made on a flat substrate 20. A layer of insulator 30
has a top major surface, which defines a reference plane 40 convenient for description
of other elements. A layer of conductive material 50 may be used as a buried contact
layer. It should be noted that conductive layer 50 may lie on the reference plane, as

30 shown in Fig. 2, or may be made by depositing conductive layer 50 into recesses
formed in insulator 30 and by planarizing the resulting surface. In the latter case the
top surface of conductive layer 50 Iies in reference plane 40. A layer of insulator 60 is
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herein below), an opening 160 is provided by employing a directional etch. That
opening extends through all the layers of conductors and/or insulators lying above the
anode down to the top surface of anode 70. The process of etching opening 160 forms
20 an blade edge or tip 110 where lateral-emitter thin film 100 terminates after the etch.
The blade edge or tip 110 has a very small radius of curvature, limited by half the
thickness of the ultra-thin lateral-emitter layer 100. Preferred thicknesses of lateral-
emitter film 100 are less than about 300 dngstroms, which limit the radius of curvature
of lateral-emitter blade edge or tip to be less than about 150 dngstroms. Those skilled
25 in the art will recognize that the radius of curvature is a significant factor in producing
an electric field at tip 110 sufficient to cause cold-cathode field emission at a low
applied bias voltage, and that the radius of curvature may be somewhat less than half’
of the film thickness. Another factor significant in determining the electric field
effective in causing field emission is the (predetermined) thickness of insulator film 90.
30 The degree of film thickness control in conventional semiconductor integrated
processing is sufficient to control the thickness of insulator film 99 to the desired
precision. Devices made in accordance with the present invention may be operated at
'applied bias voltages of 10 to 50 volts or even less. In the preferred embodiment of
Fig. 2, anode 70 extends at ieast partially under lateral emitter 100. That is, anode 70
35 extends beyond the vertical plane through emitting edge 110 defined by the side wall of

opening 160.

It should be noted that conductive connections to the various electrodes of the
device may be made in a conventional manner, and are therefore not shown in the
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PCT/ US96/ 08237  Of course, for field emission of electrons to occur, the polarity of applied bigs voltages
' must be such that the anode is positive with respect to the emitter. Various devices
made on the same substrate need not have identical physical arrangements of
conductive connections. Some devices may have buried anode contacts, while other
15 devices on the same substrate may have buried emitter contacts. Such arrangements
allow for compact and efficient circuit layout in circuits in which an emitter of one
device is to be connected to an anode of another device. With such arrangements,
dissimilar connections lying in the same plane and not intended to be connected may be
kept electrically independent by being spaced laterally and/or by having intervening
20 insulator material disposed between them, as is known in the art.

Fig. 3 shows a side elevation cross-sectional view of an alternate embodiment
of a single field-emission device made in accordance with the invention. The lateral-
emitter field-emission device of Fig. 3 is a diode device, without a control electrode.
The anode of the device shown in Fig. 3, denoted generally by 70, includes a phosphor

25 layer 75, which is a part of anode 70. If the anode phosphor is conductive, the entire
anode 70 may consist of phosphor. The anode 70 of Fig. 3 is shown with a separately
identified phosphor film 75 to illustrate an alternative embodiment. The device of Fig.
3 also differs from Fig. 2 in that anode 70 does not extend beneath emitting blade edge
or tip 110 of lateral emitter 100. Another way of describing the alternative structure

30 shown in Fig. 3 is that opening 160, the sidewall of which defines the vertical plane
containing emitting edge 110 of lateral emitter 100, extends beyond the horizontal
extent of anode 70. However the vertical extent of opening 160 is still determined by
the fact that opening 160 extends vertically only to the top surface of anode 70 (which
in this embodiment is the top surface of phosphor film 75). The minimum vertical

35 extent of opening 160 in the device of Fig. 3 is the sum of the predetermined thickness
of insulator layer 90 and the predetermined thickness of lateral emitter 100. The field-
emission device may be made with a plurality of anodes 70 (not shown in the
drawings). A useful example of such a structure has three anodes per emitter, with a
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sem conduct or i nt egr aFigs. 45 and 4b together showt a fiow diagramast ah embodiment of a

15 fabrication process performed in accordance with the invention. Figs. Sa and 5b
together show a series of side elevation cross sectional views corresponding to results
of the process steps of Figs. 4a and 4b.  In the following description of a preferred
process for fabricating field-emission devices, reference is made to Figs. 4a, 4b, Sa, and
5b, in which the same or similar process steps and the device side elevation cross-

20 sectional views of results corresponding to those steps are both denoted by the same
step references S1, S2, ..., S18. A simple overall process outline for fabrication of a
diode device is described first, followed by a description of the detailed process which
is depicted in Figs. 4a and 4b and which is further illustrated by the corresponding
results of Figs, 5a and 5b. Table I lists the process steps shown in Figs. 4a and 4b.

25 In a simple fabrication process for a diode field-emission device with simplified
anode, the following steps are performed: an anode film 70 is deposited (S7); an
insulator film 90 is deposited (S8) over the anode film; an ultra-thin conductive emitter
film 100 is deposited (S12) over the insulator and patterned; a french opening 160 is
etched (S15) through the emitter and insulator, stopping at the anode film, thus

30  forming and automatically aligning an emitting edge 110 of the emitter; and means are
provided (S18) for applying an electrical bias to the emitter and anode, sufficient to
cause field emission of electrons from the emitting edge 110 of the emitter 100 to the
anode 70. The anode film 70 deposited in step S7 may comprise a phosphor film 75
for a device specially adapted for use in a field-emission display. The phosphor may be

35 any cathodoluminescent material, and may be selected on the basis of its conductivity
and/or the color of its luminescence.
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t he novel devices and their arrays. Various enbodi nents of the fabrication

process 25 all ow the use of conductive or insulating substrates and-
al'l ow fabrication of devices havi ng vari ous functions and
conplexity. The anode is sinply fabricated, w thout the use of

prior art procewsessgsch forned a spacer nmade by a confornal sefisdkgssin a
preferred fabrication process for the sinplified anode device, the
foll owi ng steps are perfoned: an anodg filmis deposited; an
insulator filmis depgsited over the anode 30 film an ultra-thin
conductive emtter filmis deposited over the insulator and patterned;

a trench opening is etched through the emtter and insul ator, stopping at

t he anode film thus form ng and automatically aligning an enmtting
edge of the emtter; d vide s are provided for applying an :
electrical bias to the emtter and anode, sufficient to cause field
em ssion of el ectrons }“riori)t he,em ft,i nﬂ edge of the emtter to the anode.
35 The anode fil y OSPRFL msulal ¥¥phor for a device specially
adapted for use in a field-em ssion display. The fabrication
process may &l so incl 83e sPatpesn aungd etelprecesses

- 6- additional insulator filnms and to deposit additional

conductive filns for ggntrDeposit conductiveiteriul ixrecesdes edforn duried cvnitict layet | v
aligned with the enmitter blade edge or tip.
S5  Planarize
S6  Deposit insulating layer
S7  Deposit conductive layer to a predetermined thickness
10 S8  Deposit insulating layer to a predetermined thickness
S9  Deposit conductive layer to form control electrode layer
S10 Deposit insulating layer to a predetermined thickness
| S11  Provide conductive contacts to buried contact layer
S12  Deposit and pattern ultra-thin emitter layer
15 ; 813  Deposit insulating layer to a predetermined thickness
S14  Deposit and pattern control electrode layer if any
S15 Provide opening down to anode top surface

§16  Open contact holes to emitter, control electrode (if any) and anode
contact

20 817 Deposit metal contacts

S18  Provide means for applying suitable bias and signal voltage(s)

Table I. List of fabrication process steps shown in Figs. 4a and 4b.
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* To fabricate a triode device with one or two control electrodes, the process °

illustrated in Figs. 4a, 4b, 5a and 5b is performed. A substrate 20 is provided (step

15 St), which may be a silicon wafer. An insulating layer 30 is deposited (step S2) on the
substrate. This may be done, for example, by growing a film of silicon oxide
approximately one micrometer thick on a silicon substrate. A pattern is defined on the
insulator surface for depositing a conductive material. In the preferred process, a
pattern of recesses is defined and etched (step S3) into the surface of the insulator

20 layer. In step S4, metal is deposited in the recesses to form a buried contact layer 50,
which is then planarized (step S5). While this is described here as a metal deposition,
the conductive material deposited in step S4 may be a metal such as atuminum,
tungsten, titanium, etc., or may be a transparent conductor such as tin oxide, indium tin
oxide etc. (For applications using a common emitter for all devices made on a

25 substrate, the substrate may be conductive and perform the function of a buried emitter
contact. For such applications, steps S2, S3, $4, and S5 may be omitted, although a
step similar to step S2 may be required to insulate a control electrode if any from the
substrate.) An insulating layer 60 is deposited (step S6). This may be a chemical
vapor deposition of silicon oxide to a thickness of about 0.1 to 2 micrometers, for

30 example.

A conductive layer is deposited (step S7) to a predetermined thickness and
patterned to form an anode layer 70. If anode 70 is not required to be
cathodoluminescent in order to function as a light source, then the conductive anode
layer 70 deposited in step S7 may be a metal fiim or another conductive film such as

. 35 indium oxide or indium tin oxide (ITO). If the device is to be used in a light-emitting
application, such as a display, the conductive layer may be a conductive phosphor 75
or may be a composite layer comprising a conductive material with a thin film of
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10 done by subprocesses that are conventional in semiconductor fabrication practice,
using lithography and etching to pattern the layer. In particular, anode layer 70 may be
formed and patterned by a process analogous to steps S3, S4, and S5,

In the next step (S8), an insulating layer 99 is deposited to a precisely
- predetermined thickness. This predetermined thickness of insulating layer 90 is quite
15 important in determining the emitter-to-anode closest distance, and thus in determining
the electric field produced by a given applied bias voltage. Step S8 may comprise
chemical vapor deposition of silicon oxide to a predetermined thickness in the range of
0.1 to 2 micrometers, for example. '

Steps S9 and S10 are performed if a control electrode layer 140 is needed

20 below the emitter layer 100. (Such a control electrode layer is shown in Fig. 5a, but
then omitted from Fig. 5b to illustrate the option without a lower control electrode
layer.) If needed, a conductive control electrode layer 140 is deposited and patterned

_instep §9. In step S10 an insulating layer 130 of a predetermined thickness is
: deposited over conductive contiol electrode layer 140 to insulate it and to provide a

25 flat insulating surface paralle! to the substrate for the next step. Whether or not steps

S9 and S10 are performed, a planar insulating surface is provided.

This description of a fabrication process continues with reference to Fig. 4b
and Fig. 5b, respectively showing the remaining fabrication steps and the
corresponding side cross sectional views of the device. In step S11, conductive

30 contacts 120 are provided to the buried contact layer 50, by opening suitable contact

' holes and depositing conductive material in them (forming "studs”) to make ohmic

contact with buried contact layer 50. In step S12, an ultra-thin emitter layer 100 is
deposited and patterned. Preferred materials for conductive lateral-emitter layer 100
are titanium, tungsten, tantalum, molybdenum, or their alloys such as titanium-tungsten

35 alloy. However, many other conduétors may be used, such as aluminum, gold, silver,
copper, copper-doped aluminum, platinum, palladium, polycrystalline silicon, etc. or
transparent thin-film conductors such as tin oxide or indium tin oxide (ITO). It is very

\
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20 70 deposited and patterned in step S7.

In step S15, an opening is provided through all the layers lying over anode 70,
down to the top surface of anode layer 70. This opening is patterned to intersect at
* least some portions of emitter layer 50 (and of control electrode layers 140 if any), to
define emitting edge 110 of emitter layer 100 (and to define edge 150 of control
25 electrode layer 140 if any). This step is performed by using conventional directional
etching processes such as reactive ion etching sometimes called "trench etching" in the
semiconductor fabrication literature. To fabricate the preferred embodiment of Fig. 2,
step S15 is performed while leaving at least a portion of insulator 90 remaining and
covering at least a portion of anode 70.

30 In step S16, contact holes are opened to emitter, control electrode, and anode
if needed. Metal contacts are deposited where needed in step S17. Alternatively, this
part of the process (steps S16 and S17) may be performed after step S13 or S14 but
before S15. It that case, the sequence of process steps would be as follows: S13, S14
(if used), S16, S17, and then S15. It should be noted that for some display

35 applications (such as so-called "heads-up” displays), it is desirable to form the device
structure using substantially transparent materials for all the films. With the operable
and preferred thicknesses of the films in the present invention, such transparent films
may be made if desired.
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' connection, may bemission ofelectron current from emitter edge 110 to anode 70 If desired,

10 passivation layer may be applied to the device top surface, except where there are
conductive contact studs and/or contact pads needed to make electrical contacts. This
completes the description of the detailed process illustrated in Figs. 4a, 4b, 5a and 5b.

If it is desired to have the field-emission cell operating with a vacuum or a low
pressure inert gas in opening 160, it is necessary to enclose that space or cavity. This
15 can be done by a process similar to that described in the anonymous publication
"Jonizable Gas Device Compatible with Integrated Circuit Device Size and
Processing,” publication 30510 in "Research Disclosure”, Number 305, September
1989. Such a process can be begun by etching a small auxiliary opening, connected to
the opening provided in step S15, but not as deep as that opening (i.e. not extending as
20 deeply as the level of anode layer 70). This auxiliary opening may be made at a portion
of the cavity spaced away from the emitter edge area. The opening for the main cavity
and the connected auxiliary opening are both filled temporarily with a sacrificial
organic material, such as parylene, and then planarized. An inorganic insulator is
deposited, extending over the entire device surface including over the sacrificial
25 material, to enclose the cavity. A hole is made in the inorganic insulator by reactive
ion etching only over the auxiliary opening. The sacrificial organic material is removed
from within the cavity by a plasma etch, such as an oxygen plasma etch, which
operates through the hole. The atmosphere surrounding the device is then removed to
evacuate the cavity. If an inert gas filler is desired, then that gas is introduced at the
30 desired pressure. Then the hole and auxiliary opening are immediately filled by
-sputter-depositing an inorganic material to plug the hole. If introduction of a gettering
material is desired, the hole-plugging step may consist of two or more substeps: viz.
depositing a quantity of getter material, and then depositing an inorganic insulator to
complete the plug. The plug of inorganic insulator seals the cavity and retains either
35 the vacuum or any inert gas introduced. The gettering material, if used, is chosen to
' getter any undesired gases, such as oxygen or gases containing sulfur, for example.
Some suitable getter materials are Ca, Ba, Ti, alloys of Th, etc. or other conventional

—_—
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made to anode 70, for application of the anode bias voltage. Simlarly,
conducti ve connecti ons ar e—heeded E“Hég ontrol signals to

control electrode(s) 140 if the THIS S‘d triode or tetrode, etc.-
havi ng such control el ectrodes. The arr & descri bed may

al so be rever sowlooiseskdne sense that™The emtter connection ey pEfULsRNR1 0
directly to a surface pad, and buried contacig | ayer 50 may be used for

anode contacts. O course, for field emssion of electrons to
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anode of anot herﬁdammn%ﬁ&swhem {vtiile rov1d1n vaﬁbtﬁ&ttéfbbﬁfecﬂons

capt ol ectri cal | gopeal, ﬁwﬁvﬁ%éﬁﬁggéﬁei@afﬁ%% @ﬂin'aﬁgo oty

i nterveni ng 20 elmmtawn onhasreach deyice pad thesdavicesarewn i n
the ar}g- ¢ o EB0ged %cenEb&htmﬁinﬁﬁﬂ\éﬁst%&éﬂﬁeﬁh@!ﬁ&dsﬁﬂn&iﬂbﬁép&%ﬁ' gﬂ@l
view of an alter €_enbodi |e d- em ssi o vi ce
made in accB’rdanﬁélts\ibr"t‘W"‘fl Wﬁ'ﬁ’%ﬁgl ""Qﬁﬁe{li’@ the
fiel d-em ssion deolumas&rmle,andﬂnemummwamgonwa cont rol .
el ectrode. The anode of the device shown in Fig. 3, denoted

anode 70 17 1 ne U KRLAPBERABIITY o 1 ve “the entite - anode 70
"dent i fi ed phosphor p??ﬁ?ﬂ%%%ﬂ%é@f%&%ﬁhﬁ%%% %ﬂ&fmﬁ The ”
device of Fig. structures, 3nd fabticationprgossses ofithi inyention, especially inmaking fig pands not
extend benept h edisplaysfor SibpisingilhQes and for dlspIhS'mQ blihrﬂd& oF igraphicSufotmaRith Wil
100. Another vay 0 (AGHE6h P iferdpiiiednarihg Ype b ot Dkt idhifly made with the device
of this invention can replace many existing dlsplays including liquid crystal displays,
because of their lower manufacturing complexlty and cost, lower power consumption,
higher brightness, and improved range of viewing angles. Displays made in accordance
20 with the present invention are also expected to be used in new applications such as
displays for virtual reality systems. In embodiments using substantially transparent
substrates and films, dlsplays incorporating the structures of the present invention are
especially useful for augmented-reality displays.

Other embodiments of the invention will be apparent to those skilled in the art

25 from a consideration of this specification or from nractice of the invention disclosed
herein. For example the order of process steps may be varied to some extent for
various purposes; improved lithographic patterning, deposition, etching, or other
process techniques may be used; functionally equivalent materials may be substituted
for the particular materials used in the embodiments described herein; preferred

30 dimensions may be varied; and other modifications may be made to adapt the device to
various usages and conditions. The hermetically sealed chamber may be used to
enclose and protect various microelectronic devices other than field-emission devices.
It is intended that the specification and examples be considered as exemplary only, with
the true scope and spirit of the invention being defined by the following claims.

35 Having described my invention, I claim:
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30 .shown i openlng 160, the sidewall of which defines
the verti cal ﬂ;ﬂﬂ Ilﬁlm ME\E aining emtting edge 110 of lateral emtter
100, extends’ ntal extent of anode 70. However the
vertical extent of opening 160 is still determ ned by the fact that
openi ng 160 extwoogassestically only to the top surface of anodg.yif 35 N

in this enbodinent is the top surface of phosghor film75). The m ninmum

vertical 35 extent of opening 160 in t hel®evi ce of Fi g. 3 is the sum
of t he predeterm ned thickness of ChAIMStor | ayer 90 and the
predeterm ned thickness of |lateral emtter 100. The field- em ssi on

devi ce may be mdeﬂhbesefwwﬂﬁég@wﬁu&am&m £Bitrafd AV 'ahl upp@ surface,

drawi ngs). A useful exasrlII'Pgt% of SLi.Ch a structure has three anodes per
emtter, with a

di fferent phosphor édﬁ% [ on
Is a three- gﬁggémg.ﬂ%l ce _re ) ?& f‘%ﬁﬁgﬁ‘%ﬁospﬁw ran
RGB di spl ay.5 having a firstpredetasmined dept epneéﬁermeéw

vari ous structural eleﬁe@;s of the | ateral -emtter f|eId effect

~device with sinplified anode are described herein belowin 5 connection
with an exposition @) pgovidingk second peging, comtminidating with said firstmpening provided in

step (a), said second opening having a second predetermined depth;
(c) temporarily filling both said first and second openings with a sacrificial first
10 material;
(d) planarizing said sacrificial first material to form a planar surface;
(e) disposing a second material over said upper surface of the substrate and said
~ planar surface to form a chamber ceiling;
(f) providing a third opening in said chamber ceiling only over said second
15 opening;
(g) removing said sacrificial first material from beneath said chamber ceiling
through said third opening to form a chamber;
(h) removing any atmosphere surrounding and within said chamber formed in step
(g) to evacuate said chamber;
20 (i) introducing a gettering material into said third opening; and
" (j) then immediately introducing a third material into said second and third
openings, while plugging said third opening and while sealing said third
material to said second material, thereby enclosing said evacuated chamber.
2. A process as recited in claim 1, wherein said first-opening-providing step (a) is
25 performed by directionally etching said upper surface of the substrate.
3. A process as recited in claim 1, wherein said first-opening-providing step (a) is
performed by reactive ion etching of said upper surface of the substrate.
4. A process as recited in claim 1, wherein said second-opening-providing step (b) is
performed by controlling said second predetermined depth to be less than said first
30 predetermined depth of said first opening.
5. A process as recited in claim 1, wherein said temporarily-filling step (¢) is
performed by depositing an organic material as said sacrificial first material.



A novel fabrication usi ng process steps simlar to those used in
- sem conductm“ mﬂl a@ T‘j cuit fabrication my be used to produce the
devi ces an

rays i n accordance with the invention. Various
enbodi nent s ‘of ‘the fabrication process allow the use of conductive
or insulating swbeésssses and all ow fabrication of 10 devi CR&T/0896i08557
various functions and conplexity. A notable feature of all the

fabrication process enbodi nents descri bed her'din is that the anode is
sinply formed 6. A proceséasiteciteidn alaim 1) fwhareinsaitctemponatilyyfillihg step{c)ie pri or art

processes. (In tho ﬁf*ﬁm’?'agﬁﬁmwﬁﬂ%ﬁmﬁ ﬁgﬁf{% gas formed by a

sacrificial confor coat and 4b toget her
show a fl ow di ag7amprboessacrebitsd ifichim wamreixﬁsmd semﬂumﬁaﬁalm poNisRsBp(e) is
performed in accor‘g W sé&%‘gs \{!Fq%anﬁl 5a - Fig. 5r show

a seriges of side efévation’Ccross =sec na V|em5 corresponding to results
of the process g A procdss &bﬂﬁm%@%ﬂ%ﬁﬁhﬁ tn%érﬂwﬁmgﬂ
description of a p{ﬁ rr l())ﬁ.ess %[;y a aﬁgﬁ ng fle n?ssepon _
devi ces, reference ?Pég’ém% etghing ?th“ﬁ’éﬁ whi ch .
the same or sim .Aﬁﬁ&%?ﬁ? redit e@ﬂrﬁ Mﬂf&c@ﬁ%ﬁ?&%&ﬁ&@%%@e

cross-secti onal 0 VI ews o s correspon

both denoted by th mmfosmeé)byetchmgsm Syith oxygen plasga. A si npl e
overal | process i_ne for faubrl cat.l dJ Q0 vj ce i
described first, WH‘ i rectied n @PF‘S{J g‘FF"'B‘r “HEPEPF‘e‘B“%‘ﬁ'&'@% With i s
depi ct ed i nl0Fi gs. 4perﬁ-}medby8@mtewﬂemnn$saidﬂﬁrdemtaﬁal ustrated by the
corresponding results of Figs. 5a - ,5r, Table I lists the process
steps shown in FilsA p;gcegmpmgteduggalml wherein said third-materiglintsodusing ster (D é
process for a di odepdriciinéd eﬁaepwﬁhg:ﬂlmb i6 materief | ed anode,
the foll owi ng steps are per orrred an anode film70 is deposited (S7); an

i nsul ator fil m 902.i A pileqessas recited®Bslaion/k whedein mdcgtﬁetﬁng-mateml-mfdduangktep(x)

cONdUC I Ve e t{ e comprisesinkioiisk gl yehif okiSial ke ¥elast Bt i 21 0"

and patterned a trem% opem ng O1s

13. A process as recited in claim 1, wherein said gettering-material-introducing step (i)
comprises introducing a material selected from materials suitable for gettering
oxygen and materials suitable for gettering gases containing sulfur.

14. A process as recited in claim 1, wherein said gettering-material-introducing step (i)
20 comprises introducing a material selected from the list consisting of Ca, Ba, Ti,
alloys of Th, and compounds, mixtures, and solutions thereof.
15. A process for forming a gas-filled chamber in a substrate having an upper surface,
comprising the steps of:
- (a) providing a first opening in said upper sutface of the substrate, said opening
25 having a first predetermined depth and a predetermined volume, to form a main
cavity;
(b) providing a second opening, communicating with said first opening provided
in step (a), said second opening having & second predetermined depth;
(c) temporarily filling both said first and second openings with a sacrificial first
30 material;
. (d) plananmng said sacrificial first material to form a planar surface;

(e) disposing a second material over said upper surface of the substrate and said
planar surface to form a chamber ceiling;



et ched (Slﬁ“l“mmmn ullﬁ”m\tter and insul ator, stopping at the anode film
thus 30 matically aligning an emtting edge 110 of the
efitter; an8 nkans &re® * - provided (S18) for applying an el ectri cal
bias to the emtter and anode, sufficient to cause field em ssion

of electrons frevoddmsssni tting edge 110 of the emtter 100 to ipgqruses/os237
~anode 70." The anode film 70 deposited in stepgS/ may conprise a phosphor

film75 for a device specially adapted for use in a field-emssion
di spl ay. The phosphdf) prayiding a3hird opening in spick chantbsr geilingonbomer said sacpad | and
may be sel ected on thegdegmps of its conductivity and/ or the col or
of its |um nescence. WD 96/ 38855
PCT/ US96/ 08237 (g) removing said sacrificial first material from beneath said chamber ceilidg)

| Sl Provide subst F alyG rough said third opening to form a chamber;

5 (h) removing any atmosphere surrounding and within said chamber formed in step
(g) to evacuate said chamber;

() introducing said gas at a desired pressure into the chamber;
() introducing a gettering material into said third opening, and
(k) then immediately introducing a third material into said second and third
10 openings, while plugging said third opening and while sealing said third
material to said second material, thereby enclosing said gas-filled chamber.
16. A process as recited in claim 15, wherein said gas-introducing step (i) is
performed by introducing an inert gas.
17. A process as recited in claim 15, wherein said first-opening-providing step (a) is
15 performed by directionally etching said upper surface of the substrate.
18. A process as recited in claim 15, wherein said first-opening-providing step (a) is
performed by reactive ion etching of said upper surface of the substrate.
19. A process as recited in claim 15, wherein said second-opening-providing step (b)
is performed by controlling said second predetermined depth to be less than said
20 first predetermined depth of said first opening.
20. A process as recited in claim 15, wherein said temporarily-filling step (c) is
performed by depositing an organic material as said sacrificial first material.
21. A process as recited in claim 15, wherein said temporarily-filling step (c) is
performed by depositing parylene as said sactificial first material.
25 22. A process as recited in claim 15, wherein said second-material-disposing step (e) is
performed by disposing an inorganic material.
23. A process as recited in claim 15, wherein said sacrificial-first-material-removing
step (g) is performed by isotropically etching said sacrificial first material.
24. A process as recited in claim 15, wherein said sacrificial-first-material-removing
30 . step (g) is performed by etching said sacrificial first material with oxygen plasma.
25. A process as recited in claim 15, wherein said third-material-introducing step (j) is
performed by sputter-depositing said third material.



Emmm!"l"”'lrﬂ g layer 5 S3  Pattern and etch
recess ’"’ Deposit conductive material in recesses to

form buri et contact | ayer S5 Pl anari ze S6
.Deposit insulating | ayer S7 Deposit conductive |layer to a
predeterm ned twookssess 10 S8 Deposit insul ati Ngevgyddiosssd 2
predet erm ned thi ckness S9 Deposit conductive |ayer to
formcontrol el ectrode |ayer 1810 Deposit insulating |ayer

to a predeterm n26l Alpradessasvecited in claim 15, wheremSﬂlBthxrdFinnuiaﬂh)tmdudngst'eyﬁ)_is

contacts to buried siting Deposit and pattern
ultra-thin emtter fayer‘éﬁ&%@ﬁ%-depo @l‘gorgmﬁepom Insulating |layer to a

predet er mi ned t hpZkAQPScess as recited in claim 15, Wheein s&@ gettdring-aatbrifitintrohiingOstéy O!
electrode |ayer If Wé/ompnses introducing an inorganic gettenng material into at least said third
5 opening.
28. A process as recited in claim 15, wherein said gettering-material-introducing step
(i) comprises introducing a material selected from materials suitable for gettering
oxygen and materials suitable for gettering gases containing sulfuar.
29. A process as recited in claim 15, wherein said gettering-material-introducing step
10 (i) comprises introducing a material selected from the list consisting of Ca, Ba, Ti,
alloys of Th, and compounds, mixtures, and solutions thereof.

-



S15  Provide opening down to anode top surface S16 Open

contact holes to emtter, control electrode (if any) and anode

contact 20 S17 Deposi 4 THES SHEED MASCREEN S18

Provi de neans for applying suitable bias eggpipicgpal vol tage(s)

Table I. List ] cati on processsteps—show——+gs. 4a somuseos237
fhaudes

A fabrication for a triode, tetrode, etc. device nmay al so include

steps to deposit additional insul at®® films 130 and to deposi t
addi ti onal conductive filns 140 10 for control el ectrodes, which have
a control electrode edge 150 au}onat'cally al i gned
10
120 160 | 160
[ cll;‘——- - -—------Q- ---—---.-—é‘—- %.
) g — —] | —
r---—-- et d O -— | - —------------1
0

40

Lz 0

Fig. 3

-
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with the emtter blade edge or tip 110. In the follow ng detailed process

description, 5 t hese additi onal
steps, to be perforned only if cont

St-eps~at-c T ed as "optional”
dHis réHEETTJ"E‘\§II@¢LE:‘W des are to be
included in a particular device strictur eRERYACKD | b

apparent to one

skilled in the wpg
illustrated by the results

appropriate. Q
steps will al sp be appar
det ai |l ed descr

t he det ai |l ed™process of Figs.

of Figs.

fabricate sinpler devices by omtting partigpdar
I b : b

t to one skil
ption of a preferred pr

4a and ,

may be nodified to
process steps as

que and in the order of process 10

led in the art. : A

cess for fabricating the

5a - b5r,

fiel d-em ssion
4pb, and 5a - 5

dqylces now proceeds,
+e—fgbricate a triode device with one or

with reference to Figs. 4a,

two control el pctrodes, igpe process

illustrated in Figs. 4a, 4b,

S1),

and 5a - 5r ispperforned. A substrate 40 is provided (step 15
whi ch nmay be a silicon er. An insulating layer 30 is deposited (step S2)

on the.- SuDSLrat e,
of silicon oxile

substrate. ‘A p
depositing a cf
pattern of
i nsul ator 20
forma buried

TATS ey Do

| ayer .
cont act | ayer 50,

pproxi mately

recgsses i s defined ahd et ch
| 84step S4, netg

one, for exanple, by growing a film
one mcroneter thick on a silicon

i nsul at or surface for
e preferred process, a
ed (step S3) into the surface of the
| is deposited in the recesses to
which is then planarized (step S5).

- VWiile this is

SCTr T ooa

reas o et al

deposi tion, t he conductive
metal such as al um num

- material deposited in step S4 may be a
tungsten, titapium etc., or nmay be a t
oxide; indiumf{in S¥xi de” etc. (F

emtter for al
- conductive and performt
For such appli g=t= n - .

functi on of

ransparent conductor such as tin

or applications using a conmon
substrate, the substrate nay be

a buried emtter cont act .

L, and S5 may be omtted, although a

S6
S7
S8
S9
t
S10
” B |
——
Fig. 4b

D

This Sh,

i

Fig. 4a



step simlar to step S2 may be required to insulate a control electrode if
any fromthe substrate.) An_insulating |layer 60 is deposited (step

S6). This may be a chem cal . ¥ ttomof silicon oxide to a
t hi ckness of about 0.1 to 2 nicron4gg?§?§E§5?§S§bEEN(Xanp|e_
A conducti ve | ayepsrassssdeposited (stley Q7,$' I Dor edeferm ned tpomiseeesasand
patterned to forman anode | ayer 70. If anode 70 1s nhot required to be

cat hodol um nescent in order to function as a,light source, then the
conducti ve anode | ay- 4 deposited3(5|step S7 may be a netal film
or anot her -conductive film 35 i ndi um oxide or indiumtin oxide
(ITO. If the device is to inalight-emtting application
such as a display, the con | ayer may be a conductive phosphor 75

or may be a conpasi ' uctive-material with a thin

PCT/ US96/ 0823
phosphor 75 on
zinc . sul fide (ZnS) andijnmany oth
phosphors are ZoQ Zo, :
Laferr]err]S:Tb; Y[err](eryr]lS: Eu; LaOBr:Tb
ZnS: Zn+ln[err] dferr]; ZnS: Cu, Inferr](err]} (ZnCd)S: Ag+in[err](err];
and ZnS: M+l N[ e iulfahed +

S13

. - 12 -
hors include zinc oxide(zZnO,
npounds. Sone ot her suitable
Calerr]Jerr]: Mn;

er co

S14

S15

S16

S17

S18

. Fig. 4b

-
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5 .Still other suitable phosphor materials are described, for exanple,
i the chapter by Takashi Hase et al. "Phosphor Materials for

Cat hode Ray Tubes" in "Advances in I i¢s and El ectron
Physics" Vol. 79 (Academ c Press, aLH%iSHngEEA}% ngg ), pages

271- 373, which wobessessce al so uses a¥ayal : hosphor ngdyidegiasis ed
here. If the application requires anode |layer 70 to be patterned, that
patterning nay be 10 done by subprocesseé/ﬁ hat are conventional in

sem conductor fabrication practice, 8%ing |ithography and etching
to pattern the la®lr. In particular, anode |ayer f or med
and patterned by a process anal ogous to steps30 5

e e step (SN, A

90 is guite 15 i nportant in deternining t M8 g Pt

di stance, and thus in determning the e - by a
gi ven applied bias voltage. Step S8 may conpri se 2irf: Z or
deposition of siliS20on oxide to a predeterm ned thickness in the range of
0.1 to 2 mcroneters, for exanple. Steps S9 and S10 are

performed if a contrpl electrode layer I s needed 20 bel ow t he
enmtter layer 100. ((Buychr7zroopryot7emo9f0de | ayer is shown in Figs. 5i -
5 , but '/'{ﬁ'/ffl,jf/,,/.,'y’/{,’j//?ﬁ‘ BQ- 5¥8to jllustrate the option
wi thout a | ower control e ode | ayer [
control electrode |ayer 140 is deposited and 90
In step S10 an insulating | ayer 130 of a preds®
deposited over conductive control electrode | < Al6gand to
provide a 25 flat insulating surface paralle
next step. Wet herg,0r not steps - S9 ando
i nsul ati ng surfaces3| s provi ded.

30
20
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This description of a fabrication process continues with reference to Fig.
4b- and Figs. 5k - 5r, respectively showing the renaining

fabrication steps and the | BEEE| cross sectional views
. of the device. In step S11, conduct £ﬁ§§ﬂ%@ﬁ%

; tacts}120 are provided to
. the buried conwasésissaser 50, by opgning E%E‘Tﬁg%@e—eeﬂ{-'act PCT/UMé /823N d
- deposi ting conductive material in them (fornmng "studs") to nake ohnic
“contact with buried contact layer 50. In st&5S12, an ultra-thin emtter
| ayer 100 is deposi ted and patterned. SH¥ ef qsg o) mal¥®rials for
~conductive | at er al S wdoer | ayer 100 3
~tantalum nol ybdenum or
-all oy. However, othR orReeto g el e
- silver, coppé aVal=VYaoFalaV=Ya I nuMm__ B
- polycrystalline siTl
such aS tin oxide %

96/ 38855 40
PCT/ US96/ 08237

PR RN
desirable to use a W%I/,//// or k %f%ﬁ%ﬁé’%@'f’

29 ssi on.

In this respect, preferretdt materials have work func S less than
three electron volts, and even nore preferred material s havework
functions of |ess than one electron volt. The deposition in step
S12 is controlled to forma filmpreferably o%lebout 1490 - 1800

|
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5' <angstronms thickness in order to have an enitter blade edge or tip 1t0

in the final structure that has a radius of curvature g? g
Iess t han 150 angstrons and nore -6-preferably |ess t/hﬁr(g/ 38 9
To fabricate the preferred enbodinent of Fig. 2, - patte¥ni ng of

lateral enitter 100 is done so that ‘lateral emitter 100 extends over at

. | east aﬁdlttﬂnﬁ(?ﬁsﬁlla??} ﬁlfns%ﬂ&’g@dg&sn %th&ﬁ!l‘kéﬂd%tl\ﬂé’ﬁnﬂs%rd&%%l ted (step .

: S13) ove gal n é‘,j?)? 8hem cal vapor

. deposi ti on efectrofles, &@Whﬂ? GGOF’G“%“D’HP&W@@@FC% adeedgeorp.q o 2

- mcroneters, for exanple. If there are to be two control el ectrodes and if

. symmetry WBHIEED@S(IRIBIIUN!QIT'EH(EDRAMING& | ayer 100 is desired, then

. this insulator | ayer 130 should be nmade the sanme thickness as the

. insulator |ayer FigO shepas plaiview of a portion aftaggrefetred atray embedimen ofdielstt r ode,

140 |s to s 15 deposi ted and
ﬁ@g%%&e&%’e?hﬁﬁe irfacc f&qH&t\bM?tHE%\?eﬁtl@ﬂ |

patterned ormt e upper control electrode |ayer 140.

- (The control el qg grpdﬁvﬂsﬂa%ct@éte\l%ﬁodeﬂﬁebé&ienalrmav 6@&%&%&:&@@@1
pl anari zed, e, case ,of tei] uri ed.contact |ayer 50.)

shoul d be r?ﬁﬁi‘?‘ﬂﬁ@ﬂ“f‘ﬁ‘é?et“ﬁ@e E‘cﬁ?ﬂ?f&l?‘i"\?é‘" e inventigh- vy deposi t ed and

patterned in st , f R d |
performed) are :'}f)g 3(?@}9 s&eel%%&f)r?rpggg%écgg Vfﬁwgﬁngﬁmeww%dlwgspect to
t he anode fdflamngtbﬁeld-eﬁﬁ)ssdmpiemceed and patterned in step S7.

In step S15, an opening is provided through all the |ayers Ié)ng over anode.

70, 10 dowFigo 4aland t4bpo@ﬂwrahe~eﬁlom@@&rama)fen empodimentoloheni ng i s

patterned y=Tod d in ack&r@giceSANEthe Mvieh@ots of emitter layer 50
(and of corrt?o ﬁg 81Ir‘éct%sos g)‘/l%rglafm ?éceany), to define emtting

edge 110 of em tFl r5a|-35igr5rlsﬁew(aa§éﬂe§&' siRS diévationl Brdss. Sddtional eiemisr ol 25
el ectrode | ayer by using conventi onal

di rect i onal®® espo gépgpﬁ%ogﬁﬁ@éggegﬁggﬁiqﬁigs ?%3%414 e ion etching

[ Teratur e, To- 8% Sae EERpTaY siPh i view and g R HepR GoR-sckflhd °F, 07

S15 i & per fviswrofithetsedled bm'tbengl aasubbnast a portion of i nsul ator 90 remar n| ng
and

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Fig. 1 shows a plan view of a portion of a preferred array embodiment of field-
emission devices made in accordance with the invention. In the simple array of Fig. 1,
each field-emission device shares an anode with at least one other device, and each
20 anode is shared by two or more devices. Some of the emitters in Fig. 1 are also shared
by two devices. This sharing of elements between devices is not necessary for use or
operation of the invention, but it is sometimes useful in designing and fabricating arrays
with higher density (in terms of the number of devices per unit area). The basic
features of devices made in accordance with the invention may be clearly understood
25 by considering the single device of Fig. 2. | - |

Fig. 2 shows a side elevation cross-sectional view of an embodiment of a single
field-emission device made in accordance with the invention. The field-emission
device, denoted generally by 10, is made on a flat substrate 20. A layer of insulator 30
- has a top major surface, which defines a reference plane 40 convenient for description
30 of other elements. A layer of conductive material 50 may be used as a buried contact
layer. It should be noted that conductive layer S0 may lie on the reference plane, as
shown in Fig. 2, or may be made by depositing conductive layer 50 into recesses
formed in insulator 30 and by planarizing the resulting surface. Ir.th2 latter case the
top surface of conductive layer 50 lies in reference plane 40. A layerﬂef insulator 60 is

(

96



covering at least a portion of anode:70..:30: I,n step 816 ~cont act,' 5 7
hol es are opened to enmitter, contr.ol "electrode, and an v ¢~fn
needed. Metal.contacts are dep05|ted whey e needed in stg’g/(sf s s.496
Alt_er natively, this part of the process (steps S16 and Sl?) may be -
perfornmed after step S13 or S14 but before S15. It that case, the

. sequence of f SIrdbi - d
516, S17, am {inE Biosph&i o ap??oé&flg&%%no drﬁm%ﬂ el sp ination |ol|s g;ﬁrgg Hsed).
appl i cati onénc(®lﬂﬁ=ﬁlca§"@d'3€a£rﬁ%l ang, Qﬁ?ﬂoﬁl Q'p‘f'"algé? ?T’? ¥is desirable to

formthe device _ structure u5| ng substantially transparent materials
for all the fil mppetbleanidipeeforred matesials for the vardous spuetieal elethentsiof kiesses  of

(the film | nLheeRtSP ROk BLHE winf UG AIIHE a estribelherein below i De

In step Sl8commeation with apespasition df@rmoxgsandiprefersed fabrication PERAess. cal  bi as
vol t ages, and (for devices incorporating control el ectrodes)

sui tabl e signal WohdvaDbricasidalh rB&@i‘ﬁsm process SRYs slﬂﬁlhmé&hoéeﬁlse@itﬁnm e,
cont act pads se ectively provi. ded %e devi c.

rface t Kk
el ectri cal °t°ofr\EFe G iEgpIt {2 ?‘QW?XJE%“WE ?@P{?@H&%&eﬁgglﬁgs 3ug, Ot ggeGS
aut onat ed bﬂﬁﬂ* zﬁﬂtys irl Adotdan¢e with (Hb ihvendong Varous enbodimentoof the fabdliestiane, of

g?g\r”s S e d t oPEEEH a;i'lv Y il'e QBbr BMRLEHR E’Ashﬁﬁng%sﬁhtgg' Ad AR HBficbIlofPe
devices having various functions and complexity. A notable feature of all the
fabrication process embodiments described herein is that the anode is simply formed
without the use of a spacer employed in some prior art processes. (In those prior art
~ processes, a spacer was formed by a sacrificial conformal coating.)

' Figs. 4a and 4b together show a flow diagram of an embodiment of a

15 fabrication process performed in accordance with the invention. Fig. Sa - Fig. 5r show
a series of side elevation cross sectional views corresponding to results of the process
steps of Figs. 4a and 4b. In the following description of a preferred process for
fabribating field-emission devices, reference is made to Figs. 4a, 4b, and 5a - 5r, in
which the same or similar process steps and the device side elevation cross-sectional

20 - views of results corresponding to those steps are both denoted by the same step

references S1, S2, ..., S18. A simple overall process outline for fabrication of a diode
device is described first, followed by a description of the detailed process which is
depicted in Figs. 4a and 4b and which is further illustrated by the corresponding results
of Figs. 5a - Sr. Table I lists the process steps shown in Figs. 4a and 4b.

25 . In a simple fabrication process for a diode field-emission device with simplified
anode, the following steps are performed: an anode film 70 is deposited (S7); an
insulator film 90 is deposited (S8) over the anode film; an ultra-thin conductlve emitter
film 100 is deposited (S12) over the insulator and patterned; a trench opening 160 is
etched (S15) through the emitter and insulator, stopping at the anode film, thus '

30 forming and automatically aligning an emitting edge 110 of the emitter; and means are
provided (S18) for applying an electrical bias to the emitter and anode, sufficient to

.~ cause field emission of electrons from the emitting edge 110 of'the emitter 100 to the
anode 70. The anode film 70 deposited in step S7 may comprise a phosphor film 75
for a device specially adapted for use in a field-emission display. The phosphor may be

35~ any cathodolummescent material, and may be selected on the basis of its conducnvnty
and/or the color of its lummescence
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mat eri al , . such as pargl e, an(er.t n@l an({a#lez . An inorganic
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i ncluding over the sacrificial material, to encl ose the cavity. A
hol e 230 i s nade Torfabticate atriqgierdevice mathlone or tvey comteal electrodesnthe process et chi ng
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device is tRgrdfe Thi§ RAPBELoRe) fAEMBIChY BROWERYA fili of dilicdn oxitRr t gas filler
I s desired, then.thalt gas.ls . re .
approximately ofe micrometer thick on a silicon substrate. A pattern is defined on the
insulator surface for depositing a conductive material. In the preferred process, a
pattern of recesses is defined and etched (step S3) into the surface of the insulator

20 layer. In step S4, metal is deposited in the recesses to form a buried contact layer 50,

which is then planarized (step S5). While this is described here as a metal deposition,
the conductive material deposited in step S4 may be a metal such as aluminum,
tungsten, titanium, etc., or may be a transparent conductor such as tin oxide, indium tin
oxide etc. (For applications using a common emitter for all devices made on a

25 substrate, the substrate may be conductive and perform the function of a buried emitter
contact. For such applications, steps S2, 83, $4, and S5 may be omitted, although a
step similar to step S2 may be required to insulate a control electrode if any from the
substrate.) An insulating layer 60 is deposited (step S6). This may be a chemical
vapor deposition of silicon oxide to a thickness of about 0.1 to 2 micrometers, for

30 example. | |

A conductive layer is deposited.(step $7) to a predetermined thickness and
patterned to form an anode layer 70. If anode 70 is not required to be '
cathodoluminescent in order to function as a light source, then the conductive anode

layer 70 deposited in step S7 may be a metal film or another conductive film such as

35. indium oxide or indium tin oxide (ITO). Ifthe device is to be used in a light-emitting
application, such as a display, the conductive layer may be a conduc.ive phosphor 75
or may be a composite layer comprising a conductive material with a thin film of
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formed and patterned by a process analogous to steps S3, S4, and SS.

In the next step (S8), an insulaﬁng layer 90 is deposited to a precisely
predetermined thickness. This predetermined thickness of insulating layer 90 is quite -
15 imponaht in determining the emitter-to-anode closest distance, and thus in determining
the electric field produced by a given applied bias voltage. Step S8 may comprise
chemical vapor deposition of silicon oxide to a predetermined thickness in the range of
0.1 to 2 micrometers, for example,

Steps S9 and S10 are performed if a control electrode layer 140 is needed
20 below the emitter layer 100. (Such a control electrode layer is shown in Figs. 5i - 5j,
but then omitted from Figs. Sk~ 5r to illustrate the option without a lower control
electrode layer.) If needed, a conductive control electrode layer 140 is deposited and
patterned in step S9. In step S10 an insulating layer 130 of a predetermined thickness
is deposited over conductive control electrode layer 140 to insulate it and to provide a
25 flat insulating surface parallel to the substrate for the next step. Whether or not steps
S9 and S10 are performed, a planar insulating surface is provided. |

This description of a fabrication process continues with reference to Fig. 4b
and Figs. 5k - 5r, respectively showing the remaining fabrication steps and the
. éorresponding side cross sectional views of the device. In step S11, conductive
30 contacts 120 are provided to the buried contact layer 50, by opening suitable contact
holes and depositing conductive material in them (forming "studs") to make ohmic
contact with buried contact layer 50. In step S12, an ultra-thin emitter layer 100 is _
deposited and patterned. Preferred materials for conductive lateral-emitter layer 100
are titanium, tungsten, tantalum, molybdenum, or their alloys such as titanium-tungsten
35 alloy. However, many other conductors may be used, such as aluminum, gold, silver,
copper, copper-doped aluminum, platinum, palladlum polycrystallme silicon, etc. or
. transparent thin-film conductors such as tin oxxde or indium tin oxide (ITO) Itis very
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1989. Such a process can be begun by etching a small auxiliary opening 210,
connected to the opening provided in step S15, but preferably not as deep as that

20 opening (i.e. preferably not extending as deeply as the level of anode layer 70). This
‘auxiliary opening 210 may be made at a portion of the cavity spaced away from the
emitter edge area 110. The opening 160 for the main cavity and the connected
auxiliary opening 210 are both filled temporarily with a sacrificial organic material,
such as parylene, and then planarized. An inorganic insulator 220 is deposited,
25 extending over the entire device surface including over the sacrificial material, to
enclose the cavity. A hole 230 is made in the inorganic insulator by reactive ion
~ etching only over the auxiliary opening 210. The sacrificial organic material is
removed from within the cavity by an etch, such as an oxygen plasma etch, which
operates through the hole 230. The atmosphere surrounding the device is then
30 removed to evacuate the cavity. If an inert gas filler is desired, then that gas is
introduced at the desired pressure. Then the hole and auxiliary opening are
‘immediately filled by depositing, e.g. sputter-depositing, an inorganic material 240 to
plug the hole. Ifintroduction of a gettering material 250 is desired, the hole-plugging
step may consist of two or more substeps: viz. depositing a quantity of getter material
35 250, and then depositing an inorganic material 240 such as an insulator to complete the
plug. The plug of inorganic material seals the cavity and retains either the vacuum or
any inert gas introduced. The gettering material 250, if used, is chcsen to getter any
 undesired gases, such as oxygen or gases containing sulfur, for example. Some
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pl'ug the hole. If introduction of a gettering materi al 25!01]'#“3&%5@/@823 .
A/ i

hol e- pl uggi ng step may consist of two or nore substgps; Wl
depositing a quantity of getter materials35 250, "and t/Zéni" i |Gng‘ian Iagg

i norganic material 240 such as an insulator to conplete the pl ug.
The plug of inorganic material seals the cavity and retains either the

' vacuum or . any j it he g ' i 50, if
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gases cont amaterigls knpwoin theart afvaopine tub§snastruction. WO 96/ 38855

- PCT/ US96/ 08237 ¢ will b iated by those skilled in the art that integrated arrays of field-16
CLAI VB } will be appreciated by those skilled in the art that integrated arays of field

L1 A nq an evacuyate CB
- substrate HeisTign devicaspich ay thearray of Fig. 1, may be E‘G&‘b\’y gmyianeQuslkt eps of -
(a) previdipegformirig &ith etep of el fabricatibsl priRpsrdesaribed heren fok b enudtiglisity of e, sai d
rst m _ned.. dept h redet erm ned

\c/) g?ﬂlﬁgg ,[5 o @%ﬁi-ﬁ{néssmlq?t}%ésn Sn ﬁlefs'ame suby r%ﬂeggyﬁl??mwding Varidu§’ &ger?%r)%egpwi ding a
second openimeng themmari iotegrated awrayhoffieldierhission deicasimeglepm acdoddagicée with _
' the present invention has each device made as described herein, and the devices are
arranged as cells containing at least one emitter and at least one anode per cell. The
10 cells are arranged along rows and columns, with the anodes interconnected along the

columns for example, and the emitters interconnected along the rows.

INDUSTRIAL APPLICABILITY

There are many diverse uses for the hermetically sealed chaﬁ;ber, device

structures, and fabrication processes of this invention, especially in making flat panel

15 displays for displaying images and for displaying character or graphic information with
high resolution. It is expected that the type of flat panel display made with the device
of this invention can replace many existing diéplays including liquid crystal displays,
because of their lower manufacturing complexity and cost, lower power consumption,
higher brightness, and improved range of viewing angles. Displays made in accordance

20 . with the present invention are also expected to be used in new applications such as
displays for virtual reality systems. In embodiments using substantially transparent
substrates and films, displays incorporating the structures of the present invention are
especially useful for augmented-reality displays.

Other embodiments of the invention will be apparent to those skilled in the art
25 from a Consideration of this specification or from practice of the invention disclosed
herein. For example the order of process steps may be varied to some extent for
various purposes; improved lithographic patterning, deposition, etching, or other
process techniques may be used; functionally equivalent materials may be substituted
for the particular materials used in the embodiments described herein; preferred
30 dimensions may be varied; and other modifications may be made to adapt the device to
various usages and conditions. The hemietically sealed chamber may be used to
enclose and protect various microelectronic devices other than field-emission devices.
It is intended that the specification and examples be considered as exemplary only, with
the true scope and spirit of the invention beihg defined by the following claims.

SN r

35 Having described my invention, I claim:
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performed by controlling said second predeterm ned depth to be IeSlsut,ﬁam
said first 30 predeterm ned depth of said first

A process as recited in claim1, wherein said tenporarl//%p#df,?ng step (ﬁjjs
Fs performed by depositing an organic material as said
sacrificial first material. WD 96/ 38855 .

PCT/ US96/ 08237 ' 17

6. A process as recited in claiml, zf‘/eél n said tenporarily-filling step
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i norgani C nmaterr al . 5 3. Nprocess as recit m 1, wherein
said sacrificial-first-material-renoving step ) \25“3 per f or med
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10 performed by sputter-depositing said third materi al .

112. A process as recited in claim1, wherein said

third-material -introducing step (j) is perbd/%&f 307
sputter-depositing an inorganic material. ~ 12. A progess as remted"L
in claiml, wherein said gettering-material-introducing stéep (i)

conprises introducing an |norgan|C3g§¥;ering material into at |east said
third 15 openi ng A process as recited in claim1,
wherein said gettering-material-introducing step (i) - conpri ses
introducing a material selected frommaterials suitable for gettering

oxygen apnd materigls efor gettering gases containi.ng._sulfur.
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J10 openi ngs, while plugging said third opening d whi I e - - 3
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25. A process as recited in claim15, wherein said
third-material -introducing step (j) is perfornmed by
. sputter-depositing an inorganic material. 27. A process as recited
. in claim15, wherein said géttering-material-introducing step
. (i) conprises introducing an inorganic gettering material into at |east
. said third 5 . openi ng. 6/628. Aprocess as recited in claim
. 15, wherein said gettering-material-introducing step (i)
| conprises ifyroducing a material selected fromnmaterials suitable for
| gettering - oxygen 20 materials 40t able for gettering gases
| contai ni ng sul[f-u-»-' ————— 29— A- process -as—recited- i-n—ckai m 15, wherein
" said gettering-material-introducing step 10 (i) conprises introducing
a material sellect gt—fromtie—t+ist—conststi ng—pf—C€e; Ba, Tl/," 230 '
all oys of Th, land cor{ggunds, m xtures, and sol §itT onsHHheT bof
160 . I
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(54) Title: FABRICATION PROCESS FOR HERMETICALLY SEALED CHAMBER IN SUBSTRATE

(57) Abstract

A process for fabricating, In a planar substrate, a hermetically sealed chamber for a field-emission cell or the like, allows operating the
device in a vacuum or a low pressure inert gas. The process includes methods of covering an opening (160), enclosing the vacuum or gas,
and methods of including an optional quantity of gettering material. An example of a device using such a hermetically sealed chamber is a
lateral-emitter field-emission device (10) having a lateral emitter (100) parallel to a substrate (20) and having a simplified anode structure
(70). In one simple embodiment, a control electrode (140) is positioned in a plane above the emitter edge (110) and automatically aligned to
that edge. The simplified devices are specially adapted for field emission display arrays. An overall fabrication process uses steps (S1-S18)
to produce the devices and arrays, Various embodiments of the fabrication process allow the use of conductive or insulating substrates
(20), allow fabrication of devices having various functions and complexity, and allow covering a trench opening (160) etched through the
emitter and insulator, thus enclosing the hermetically sealed chamber.




