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BACKGROUND OF THE INVENTION
10 Field-emission displays are considered an attractive alternative and replacement
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
15 high performance and being capablé of fabrication from a wide range of materials with
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 published in 1992: Heinz H. Busta "Vacuum
Microelectronics - 1992," in Journal of Micromechanics and Microengineering, Vol. 2,
20 No. 2 (June 1992). An article by Katherine Derbyshire, "Beyond AMLCDs: Field
Emission Displays?" in Solid State Technology, Vol. 37 No. 11 (Nov. 1994) pages 55-
65, summarized fabrication 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
25 from metals is discussed in many textbooks and monographs, including the monograph
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
30 specification to mean a field-emission cathode. The term "control electrode” is used
herein to denote an electrode that is analogous in function to the control grid in a
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
3s a material characterized by cathodoluminescence. In descriptions of phosphors, a
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phosphors, a NO 4721 S by Brodie, U.S. Pat. No. 5127990byPn’batetal U.S. Pat. Nos.
5,141,459 and 5,203,731 by Zimmerman, and in the above-mentioned article by
15 Derbyshire. In such structures, the anode is typically a transparent faceplate parallel to
' 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.
20 Pat. Nos. 5,233,263 and 5,308,439 by Cronin et al. The terminology "lateral field
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 paralle! to the substrate. In
such lateral cathode structures of the prior art the anode is oriented substantially
25 orthogonally to the substrate and to the emitter (as in U.S. Pat. Nos. 5,233,263 and
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
30 fine cathode edges or tips and precise control of the inter-element dimensions,
alignments, capacitances, and of the required bias voltages.
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the anode is tySflessthgn aboutd ﬁyslﬁmrqsmémthwnﬁér ptuglglectron penetration
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 herein 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 lateral electron field-emission device
display elements. Hence, with this new structure, the light is emitted in direct view of
the observer and is not attennated 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.

While the lateral-emitter type of construction has the distinct advantages
30 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
. layers of sacrificial materials needed to form spacers that define some of the
35 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
simplified anode structure, while retaining the advantages of lateral cathode
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2 10 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 a
metallization structure that allows the other features and advantages of an improved

15 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 -
cell anode structure that provides improved performance with coulombic aging of the

20 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
single metallization step. An overall object of the invention is an improved display
which nevertheless retains alt the known advantages of lateral-emitter field-emission
devices, including the following: extremely fine cathode edges or tips; exact control of

25 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
alignment of the control-electrode and cathode structures; self-alignment of the anode

30 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
and increasing device reliability and performance. Another important object of the

35  invention is a process using existing microelectronic fabrication techniques and
apparatus for making integrated lateral-emitter field-emission display device cell
structures with economical yield and with precise control and reproducibility of device
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cited emitter mbstan'aa]ly paralle! to a substrate and with a simplified anode structure.
lateral-emitter field-emission device has a thin-film emitter cathode which hasa
10 thickness of not more than several hundred angstroms and has an emitting blade edge
or tip having a small radius of curvature. The simplified anode device may also have
one or more control electrodes. The anode's top surface is precisely spaced apart from
the plane of the lateral emitter and receives electrons emitted by field emission from the
blade edge or tip of the lateral-emitter cathode, when a suitable bias voltage is applied.
15 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
emitter edge or tip and automatically aligned to that edge. The simplified devices are
20 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
allow the use of conductive or insulating substrates and allow fabrication of devices

25 having various functions and complexity. The anode 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
film; an ultra-thin conductive emitter film is deposited over the insulator and patterned;

30 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.
The anode film may comprise a phosphor for a device specially adapted for usein a

35 field-emission display. The fabrication process may also include steps to deposit
additional insulator films and to deposit additional conductive films for control
electrodes, which are automatically aligned with the emitter blade edge or tip.
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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,

15 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
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

20 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
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
25 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 pilane, as
shown in Fig. 2, or may be made by depositing conductive layer S0 into recesses
formed in insulator 30 and by planarizing the resulting surface. In the latter case the
30 top surface of conductive layer 50 lies in reference plane 40. A layer of insulator 60 is
made on the reference plane 40, covering conductive layer §0. A conductive layer
parallel to plane 40 serves as an anode 70. As will become apparent from a reading of
the remainder of this specification and the appended claims, the preferred fabrication
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5 small portion of the anode 70 of an adjacent device is shown to the left of insulator 80;
that portion is not involved in the structure or operation of the single device of the
present description. An insulating layer 90 of predetermined thickness is made parallel
to the substrate. An ultra-thin conductive layer which forms an emitter layer 100 is
also made parallel to the substrate and patterned, thus forming a lateral emitter. A

10 conductive contact 120 may connect emitter layer 100 to buried contact layer 50. If
the device is to have a control electrode 140 above emitter 100, then two additional
layers are made: a layer of insulator 130 and a conductive layer patterned to form a
control electrode 140. In the fabrication process for this device (described more fully
herein below), an opening 160 is provided by employing a directional etch. That
15 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
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-
20 emitter film 100 are less than about 300 &ngstroms, which limit the radius of curvature
of lateral-emitter blade edge or tip to be less than about 150 &ngstroms. Those skilled
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
25 ofthe film thickness. Another factor significant in determining the electric field
effective in causing field emission is the (predetermined) thickness of insulator film 90.
‘The degree of film thickness control in conventional semiconductor integrated
processing is sufficient to control the thickness of insulator film 90 to the desired
precision. Devices made in accordance with the present invention may be operated at
30 applied bias voltages of 10 to 50 volts or even less. In the preferred emibodiment of
" Fig. 2, anode 70 extends at least partially under lateral emitter 100. That is, anode 70
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
35 device may be made in a conventional manner, and are therefore not shown in the
' drawings. These conductive connections may be made, for example, by vertical studs
that lie outside the plane of the side elevation cross-section view of Fig. 2. For
example, a conductive stud may extend from emitter 100 and/or buried contact layer

7



10 em ssion display which allows light emtted froma phosphor to be
ained nore directly toward the viewer of the display. Another

rel ated object is a field-em ssion display cell structure in which
the light em ssion area occupies a larger portion of the cell area than

in prior art dewowsssssh the |ateral-emtter type. Anot her obj eglcTaisodidssss
i nvention is a netallization structure that allows the other
features and advantages of an inproved 15 | ateral -em tter

fiel d-enission d50stolaspriaeedonductive pad toouhich/thel emittepbias voltagemaybg applied. sAan
anode el ectri cal gypfiHcBfduchive donhétitid: tm&nfﬁmaeaﬁehwmnamhma e a

DROSEROT .ot 3t T, ikt a6 s ke, Sy oAbl

t he observer of mmm;mmw&mymmkﬂgmbmmbﬂegﬁode(s)1401fthelI anode
structure tQgat b6 $c] VY ¥ah Wrird] ORI "Thedfrafitboftn fubie. 20
phosphor thereby re s or eli,mn te gﬁt her E&rtlcul ar obMt S
a di spl ay I‘P‘éf’ F F ip, the;sens

configuration tkﬂtecﬂmobmrfawmdy\mdﬁmedwmmlaymSOghayMedfwmdmnMp An

overal | object ofelhifse | Mi'tage
nevert hel ess ret a| ns a fb\‘ﬁﬁh Enooa& vant a es&uf’j“i%ﬁ e lt]?de’?ﬁy

fiel d-em ssion mustbesu dhesanode, is|nosifvg, With Eespest 1o ﬂﬁmeéx Yaraus dgvies, o

cat hode edges ormidem the xamed subsirite nded mbt Eive identidalphysitdl anfengementsofle di st ance

(to reduce devic t Vi ce
variability); ex%g? con%‘gﬁﬂ& ?‘{Qﬁ ?‘ﬂ eé%a?@g\z:égbn ed?mdFe l??%%gﬂgl E}Qﬁce
(to control the deyices on thesame subsisate may he e emiftergontagisy Suplbareangements ( of
the inter- : ﬂlovﬁbﬁ%ﬂﬁdﬁaﬂd%ﬁﬂﬁ@fﬂﬁﬁaﬁﬂdmr&mﬁmmmﬁﬁhmmbf@ie t he

a1 e 2 b ot Ml s o T i b 00

and cat hode stru

control - el d8t r ocdissigaidar mlmutwmpmmgdw e onnBeated may be

,3

Iobj ect I of. the i ryepp : cdllg liitfepéhdest byDeink lmmd

ateral -em'tter (fi n,dev g i cant design
flexibility promgﬁmdlwgw fhreglc C‘sﬁnowm}n%e%l ch reduces the
nunber of interconnectign et ween, devi ces, thus red costs and
i ncreasi ng devi ce rel¥i& ﬁi‘P?’? a 5idg eloxation,cross-sectiongh 2*5%?‘?"8 of
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20 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
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 7S to illustrate an alternative embodiment. The device of Fig.

25 3 also differs from Fig. 2 in that anode 70 does not extend beneath emitting biade edge
or tip 110 of lateral emitter 100. Another way of describing the alternative structure
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

30 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
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 ancdes 70 (not shown in the

35 drawings). A useful example of such a structure has three anodes per emitter, with a
different phosphor color of each anode. A particularly useful combination is a three-
anode device with red, green, and blue phosphors for an RGB display.



35 I nvention is a process using existing mcroelectronic fabrication

t echni ques and apparatus for making integrated |ateral-emtter
field-em ssion display device cell structures with econom cal yield
and with precise control and reproducibility of device

4 wo/$8/5884438854 _ _ _ PCT/USY6/08254
PCT/ US96/ 08254 di nensi ons and alignnents. A major object of the

invention is a sinplified anode structure for lateral-emtter
field-em ssion devi ceperabrmﬂ daiaterials-fot the varidus structural elementeofithen is a

fabrication procﬁ£§§1 wpﬁ iﬁ?&a&%f willSinipie
fabrication of a seli-aligned latera -emtter&flePd em ssion devi %lg{m?hus

reducing 5 ap pxpositippiofaaqvel and preferred febyigaligR/ProgessLE | NVENTI ON

A novel fabrication process using process steps similar to those used in
\ 5 semiconductor integrated circuit fabrication may be used to produce the devices and
» their arrays in accordance with the invention. Various embodiments of the fabrication
process allow the use of conductive or insulating substrates and allow fabrication of
devices having various functions and complexity. A notable feature of all the
fabrication process embodiments described herein is that the anode is simply formed
10 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
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

15 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, 5a, and
5b, in which the same or similar process steps and the device side elevation cross-
sectional views of results corresponding to those steps are both denoted by the same
step references S1, 82, ..., S18. A simple overall process outline for fabrication of a

20 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.

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
25 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 trench opening 160 is
etched (S15) through the emitter and insulator, stopping at the anode film, thus
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
30 cause ficld 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
' any cathodoluminescent material, and may be selected on the basis of its conductivity
and/or the color of its luminescence.

-
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In one aspect of the invention, a field-em ssion device is nmade with a

| at er al emtter substantially parallel to a substrate and with a
sinplified anode structure. The lateral-emtter field-emssion
device has a thin-filmemtter cathode which has a 10 t hi ckness of not

nmore than sev@fgéesaasgdr ed angstrons and has an emitting bl ad Q%g,om
or tip having a small radius of curvature. The sinplified ang’gg evi ce may

al so have. one or nore control electrodes. The anode's top surface
is precisely spaced apart from the plane of the |lateral emtter and
receives electrons emtted by field em ssion fromthe bl ade edge or
tip of the lateral-emtter cathode, when a suitable bias voltage is
applied. 15 The device may be configured as a diode, or as a triode,
tetrode, etc. having onggr4e e NOre control electrodes positioned to
al l ow control of current  Tromthe emtter to the anode by an
el.ectrical signal applied to {he ¢control electrode. In a particularly

sinpl e embo¥ merfepost Ia¥shtrol electrode is positioned in a

pl ane above or bel ow t he emtter edge or tip and automatically

al-igned t& that edgs8 TiRattermqukietchaecedsesi ces are 20 speci al |l y adapt ed
for use in arrays, including field-em'ssion display arrays.

I'n another aspect O§4 t hepigd¥ie Bondubtiveindiiabin récdbles foPfohf Buliéduonfadt lnyer NJ

process’ steps simlar to those of sem conductor integrated circuit
fabrication is usedsgo lg:g?i%% t he novel devices and their arrays.
Vari ous enbodi nent s of t abrication process all ow the use of
conductive or insulating substrates and allow fabrication of devices 25
havi ng various funché ong)wwa‘ﬂ“ﬁ#ﬁ. The anode is sinply fabricated,

wi t hout the use of prior art processes which fornmed a spacer nade
by a conformal coat$hg. Deposit conductive inyeefooa predetdrmineil thickness pr ocess for the
sinplified anode device, the follow ng steps are per f oned; an anode

filmis dgposited; S8 i NBéfosk MsulblingTaye? 16/ Peddtérfifhed HitkieSe anode

film an ultra-thin conductive emtter filmis deposited over the insul ator

and patterned; 30 at J: I emtter and
9 S0 QR ATaye? 16 i et G 13r

i nsul ator, stopping at t
S10  Deposit insulating layer to a predetermined thickness

S11  Provide conductive contacts to buried contact layer
812 Deposit and .pattern ultra-thin emitter layer

15 S13  Deposit insulating layer to a predetermiﬁed thickness
S14 Deposit and pattern control electrode layer if any
S15 Provide opening down to anode top surface

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

20 S17 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

10



film thus formng and automatically aligning an emtting edge of the

emtter; and nmeans are provided for applying an electrical bias to -
the em-tter and anode, sufficient to cause field em ssion of

el ectrons fromthe emtting edge of the emtter to the anode. The
anode film may wouehsgss a phosphor for a device specially adaptRenisoénsise
in a 35 field-em ssion display. The fabrication process may al so include
steps to deposit additional insulator films and to deposit

addi ti onal conduct i veA fabricatioh processfor atriode, tetrode, ete.adevice dmy alsafinchideateps to

gut omatically al §gBg0adbonaliialabdl i 13P4d16 dgﬁ&ﬁa@cfmc;dap nductwe films 140,

: | EF
DESCRI PTI ON OF Tiorcqntyelplrgtrodes, which have a control glegirode eésf‘ow atomatically @18“65
portion of a pr ek ﬂrednﬂtd':b!adeeilgubrmprlﬂomn thie $dlldwing detailed pmssiemm;»ﬂew ces

el evat 1 on of ose. e lliobal Sopf g HlidBd ay oprional’ steps, 9 be peiffimed iyt Sordof ' 1
fiel d-enission M&m@b%&@mam@ mm%ﬁ%be@?mm"m
skilled in the art that the detailed process of Figs. 4a and 4b, illustrated by the results
of Figs. 5a and 5b, may be modified to fabricate simpler devices by omitting particular
process steps as appropriate. Other variations in technique and in the order of process
10 steps will also be apparent to one skilled in the art. :

A detailed description of a preferred process for fabricating the field-emission
devices now proceeds, with reference to Figs. 4a, 4b, 5a, and 5b.

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 81), 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 pattem 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 fumction of a buried emitter
contact. For such applications, steps S2, S3, S4, and S5 may be omitted, althougha .
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 film 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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Fig. 3 shows a side elevation cross-sectional view of an alternate

enbodi nent of a single field-em ssion device. Fi gs.
4a and 4b together show a flow di agram of an enbodi nent of a

fabrication process perforned in accordance with the invention. 10

Fig. 5a - Fig wijeehgy @ series of side elevation Cross sect i gpeayusvéfusss
corresponding to results of the process. steps of Figs. 4a and 4b.
DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS Fi

shows a pl an wphdspﬁoraSpnnwtmuﬁcea Spitatflephasphoss inplyderisnanidelfnO Fine | gl d-

g][“ E?éonlde\&cmeac ni &né“z i mijolifds! [SRmiedURA hiti@ble phékphdis afd NP! ? array
at | east

one ot her devi c,%’ &Mdef'?@éﬁ@r:g @&? q%pﬁrlfbpl&é devi CZS :

?ﬁgrra (r)1f tpe lemZﬂSeZn‘d-InzOfl @nSfClatlequQsD @n@dlﬁ:lAgﬂnz% amymmm ®s. This

ing of .ele

oper ation df t@ nvew%%uW@|@§W?| ,,nﬂa'%%nl ng and

fabricating ar rkakgshi Hase ﬁalv'\?b‘PFme F"‘%P{g@m@ 'g'fbﬁ% X‘?Yfgw?ﬁ}ﬁber of

devi cgs per UtnlhEl?ﬁf@ﬁésanIMPhysﬁﬂ Vol. vgae«mdmcefesd@mmon%emo)

accordance wi €4 %* o Mﬂr@ﬁoﬁﬁl% ised

consi deri ng t he"28} é_l g’g{;w ce O eals%é.ﬁ@{t'hllc i dsphornotatlo sho a

si de el evat i on heresHtheappli MFW%Pd%Y%ﬂﬁéﬂPw t&a@%ﬁ

field-em ggi on atﬁww@u dmmmmdmﬁondmemmmmmnmce,

];Lgls?r:'[neszz)onA . owﬁyéﬁﬁcﬁﬁg%wgi hﬁ)ggﬁgurface V\/m ch
defines a ref erformed m@aetemdbmm%mﬂvm&égtm mjs
In the next step (S8), an insulating layer 90 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 fayer 140 is needed
20 below the emitter layer 100. (Such a control electrode layer is shown in Fig. Sa, 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
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 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 conductors 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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of other elenents. A |ayer of conductive material 50 nmay be used as a

buri ed cont act | ayer. It should be noted that conductive |ayer 50
may |i.e on the reference plane, as shown in Fig. 2,. or may be nade
by depositing conductive |ayer 50 into recesses formed in insulator

30 and by pl arpsbeidsgey t he resulting surface. In the latter ca;&@#;gm@g,
top surface of conductive layer 50 lies in reference plane 40. ayer of

i nsul ator, 60 is made on the reference plane 40, covering conductive
| ayer 50. A coaebimblewu&eeymatenalwnhalmrvﬁdrkﬁincﬁmmelaemﬂﬂemisstonesnﬂﬁs an anode

70. As will B‘QE&EW%F"W FR’& “ %Q Ghgof this
SpeCIfI cation an e ap ePngI C al ms pr(fl?sgrre %I’I cat IOR%

VO 96/ 38854 evenmore have work functions of less than one electron volt. The

PCT/ US96/ 08254depos1nonmstepsmi33:6nﬁﬂhdtohﬁdaffﬁh@weferw Y of\about toteL300al |y

glmatc'?Zrt 2 Ot OE%@%L O?Imen?{msug‘ﬁ as%%%yv?lmnprﬂade&iggopﬁﬁ@ ﬁfthéﬁ}a?r ! sone

devi ces have i PFG@PHE‘F! dhat hass edins of cyruatuge leqgﬁﬂueémans@w:ewdan@e :
sepat at ed byl ek th 50 B6psEroME) 26 Sbriaith e poferk@Uinddineint ST Ul at or

an’ adj acent. Sébﬁégﬁ.ﬁg%ﬁgﬁ% epfne 190 b dope g syl Bppted 00 s o2 el

portion is not aipaitiompEanode 10n Aminsulaten 430 indepogited {step §13)overthe emitigr layerevi ce
of the 10  Again this may be a chemical vapor deposition of silicon oxide to a thickness of about
0.1 to 2 micrometers, for example. If there are to be two control electrodes and if
symmetry with respect to the plane of emitter layer 100 is desired, then this insulator
layer 130 should be made the same thickness as the insulator layer 130 deposited in
step 810. If a control electrode 140 is to be incorporated, a conductive material is
15 deposited and patterned (step S14) to form the upper control electrode layer 140.
(The control electrode 140 may be deposited in a recess pattern and planarized, as in
the case of the buried contact layer 50.) It should be mentioned that the conductive
- films deposited and patterned in steps S4, S9 (if performed), S12, and S14 (f
performed) are all deposited in at least partial alignment with respect to the anode film
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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present description. An insulating |ayer 90 of predeterm ned thickness is

made paral | el to the substrate. An ultra-thin conductive |ayer
which forns an emtter layer 100 is al so nade parallel to the
substrate and patterned, thus formng a lateral emtter. A 10 conductive-

contact 120 maywpQeRgss enmtter layer 100 to buried contact 'aﬁéfm
the device is to have a control electrode 140 above emtter then two
addi ti onal | ayers are nade: a |layer of insulator 130 and a

conductive |ayer pat tne&tegdm Qnéaame@mwdedforapﬂmgwabmm&rm%ﬁageb,n the

Lglb(r):/v?at Qﬁnogégl ngiffgg I'S pro&sﬁg%@m oyl ng ‘6°rl1ta ﬁ%t 15

openi ng ext ends IMYr
l'yi ng above the tomakeelectﬁmd@mda,vm:dtdpnbmyi@pmmm&ebaﬁdsameﬂﬁf&x&apeThe

process of gtchin dge. or 110 where
| ateral -em1ter ?ﬁ%ﬂ&f@%ﬁ?’éﬁiﬁ\ ﬁ&t“é’é"‘%{%sf% &éﬁe&wog, tlcoﬁ) Hfe bl ade
edge or tip 110 qoamomépmpvhesamwabsoumsmst@p@rowmtowpbwhnal fthe
thi cknosses of I 'EFopaee bifs Vokdef i chfofdatils Tule nicluE! plomTBIRILSL 1o

[ err]ngstrons, Wi ﬂ"?PHﬁ’%ePﬁéheﬁaHF?}& [gpiydgpq;[}gtpay@veﬁto cause ocg?-catﬁo&)%el;’

| ateral -enitter eplissiba @dbmmcmeptﬁombmlﬁeeségetlﬂﬁmamdaﬂolmﬁeﬁlmdr}ngst rons.
-crrt]?\s/gtﬁlﬂal :lgda ;?asgl:’;??%ant faca éd:‘:(éro uci n ga?Ct“ c f'hnsd at
tip 110 suffici cHfv Wéé%‘ﬁe%tggf%ﬁ&gfm

appl i ed bi as volcompietesalmrideséription iofthealétailed processillusiatedin Figg. 4a04b, SamndiSb. | ess

than half 25 of the filmthi ckness Anot her factor, significant in
deternining the el ectlfitis desicadgo have the fieldemission gell operating ith @ vBWIHOLAIOWS | on

lfs ]Ehf (pLedEtermssﬁdinel-ﬂgaeanflso i nedessaryfto leiiolS¥e that space or cavitg. Thigr ee

(0} Il mthi ne

processi ng |§s S%?gﬁéﬂﬁ;ﬂydﬂg%ggmytﬁwﬁés@ﬁ%neggxgﬂlgﬁﬁ&ﬁm{qﬂ ﬁ%’l‘qulm 90 to
t he desired e%@m%@m&mﬁmwdt he present
i nvention may bﬂ’rﬁﬁﬁ wﬁﬂsosmﬁpkmdmhnwomﬂmwjos;@eyenﬁ& volts

oxt ands at Sfea'sﬁ%gref“‘?‘%\ WS&WW ik eW&B'ﬂﬁ#ﬁan"“;%? oty

the opening provided in step S1. that opening (i.e. not exten
20 deeply as the level of anode layer 70). 'l'hls aux:hary opening may be made at a portnon

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. Ifintroduction 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
.x
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extends beyond the vertical plane through emtting edge 110 defined by the

side wall of openi ng 160. It should be noted that
conductive connections to the various el ectrodes of the 35 devi ce may be
made in a conventional manner, and are therefore not shown in the

drawi ngs. Thesewgpsiiggdsi Ve connections may be nmade, for exa"plﬁﬁﬂﬁﬁmMMﬁu
vertical studs that |lie outside the plane of the side elevation
cross-secti.on view of Fig 2. For exanpl e, a conductive stud may

extend from em t paier hitiferiifirdivniinithe @ of Yiduafi tubedtStruction. This process for
7 96/ 38854

PCT/ USO6/ 08254  TetAIning vacyd) oF eas stmospheres ia ont insiceigd PEies: 42 3hi 3 20 t t er
> 6/ ) oV 10 & ~conaut . |
ol ooty cai by 1ol ap e il B8 apitociaed by tioAd AR BB G KioghART BTlys A Bed;

connecti on,

anode <70, for apfwissign dgyices; such as the auey of Eig: 1, gy he madeby gmpltangouslyy hquct i ve
connecti ons sar e perfshaing each step wf the fiibricdtion pyouesssdesaribed hereinlfored moltiphicity(af) 140

if the field-emission devices on the same substrate, while providing various interconnections
among them. An integrated array of field-emission devices made in accordance 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 field-emission device structure and

fabrication process of this invention, especially in making flat panel displays for

15 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 displays including liquid crystal displays,
because of their iower 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. 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.

Having described my invention, I claim:
—_—
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5 deV| ce is a triode or*retrode——e*t—e—«hawng such control el ectrodes.
The arrangenent | ust aI so be reversed, in the sense
that the emtter connectio "ﬂ 'fw directly to a surface pad,
and buried contact |ayer 5 anode cont acts. O
course, for fi woloegsssssi on of eI ectrons to occur, the pol arit yworfusesppdased
bi as vol tages must be such that the anode is positive with respect
to the emtfter. Various devices 10 made on the sane substrate need not
have ‘i denti cal physical arrangerrents of CLAIMS conductive connections.

Che samy subst 1 4t A B SHYEA BRPREPERDE 06 StePaaceli-cafiofe fod-smipdioBnc o

al l ow for conpactelactmbﬂdxiue;Mprmmg:cw t- layout i n circuits inh which an
emtter of one device is to be connected to _an anode of another
device. Wth such a asubsatehaying asubstrate uppersurfaceslefining n Bt planes | ying in the

| d not ed t t
el ectrical 1% i ndepth &%iﬁgws%& GFSR e FAPOA PP 5 esend B bRty

i nt erveni ng paralls] &4 and spaced fionl saidl firsioplang by atfirst predeterminedodistancel nown
in.the art. eﬁﬂm@e?ges' de el evation cross-sectional
view of an alternate en%ml(st rrg‘;ﬁ‘é?’ga’i,i a SI ngle field-em ssion device
made in accor dancecyvablariéd\Condistive cotict layechavitg@ippérand fower majof Birfices,
e o U i b A o S g

general |y ¥y 70, i ncfirstiplane phosphor | ayer 75, which |s a part of

anode 70. If the anode 0S hor |s conductlve e entire node 70

may consist of pho &p%' tﬁP ?ﬁo‘?ﬁl’"ﬁﬂﬂg"é’f%‘aar ately

i dentified phosphor enduwiﬁdbbcmtﬂbsbmdeadnuMmthatmmﬁamﬁsdehe

device of Fig. 25 I | de 70 does not
butied c%ﬂ«(i}%gé Edntact (9P t6 ';%rm?e g dﬂtllx%gé‘&%ﬁ:flzg

extend beneath emtting bla tteral emitter
100. Anot her way o#) d@afimdﬁlaﬁﬁglab&ﬂpbﬁﬂfbéﬁﬁdé@sﬁdﬁ#cwrﬁcond lanes arid/Havifgi N

Fig. 3 is jhat openlg%ﬁgﬁ_%{}lﬁﬁél dewal I of which defines the vertical

pl ane contai n edge 110 of lateral emtter 100, extends
beyond the hori zongpgn anode disposed on said top major surface of said first insulating layer, spaced
apart from said conductive emitter contact, and extending upward from said
top major surface of said first insulating layer to a height less than the distance
between said first and second planes;

20 f) a conductive anode contact electrically connected to said anode, whereby said
device may have an electrical bias voltage applied; and

g) means for applying said electrical bias voltage to said emitter and to said anode,
said bias voltage to be applied being sufficient to cause cold-cathode emission
current of electrons to flow from said emitting edge of said electron emitter to -

25 said anode. '
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extent of wever the vertical extent of opening 160 is still
determ n ﬁﬂl @uillum ct that opening 160 extends vertically only to
thetop O(Which in this enbodinment is the top
surface of phosphor fi I m 75). The m nimum verti cal extent of

openi ng 160 i nwesssessi ce of Fig. 3 is the sum of the predet er peresbens2s4

t hi ckness of insulator layer 90 and the predeterm ned thickness of
| ateral emtter 100. The fiel d- em ssion device nmay be nade with a’
plurality of an®les dadee(asaecitetl dwelaiiml, tfarthe8Gomprisidgawi ngs). A useful exanpl e
of such a structurSAhas three anodes per emtfer, wth a di.fferent

phosphor col or of gatrode disp 3 third plansispaced Gam;sgid firsth oo
anode device with reﬁdwﬁplam&aﬁm&pmmﬂx@amweb@

QOerabI e and preferrec}) rratelblahpnedf or dem\./ltaurn edu%e structural’ el ements of the
lateral -enigter flﬁk@éﬁﬁﬁﬂﬂﬁl mkﬁdae@bmfsmewwﬁdﬁﬂﬁp%&%l bed

herein bel ow i n conhect oln tg expo |t|on f a novel and
f@@soon*roelevgtroegom 8 T

preferred fabricati o
‘ j) a conductive control electrode contact spaced apart from said conductive
emitter contact, from said conductive anode contact, and from said control
electrode edge, and electrically connected to said control electrode; and

10 k) means for applying a control signal to said conductive control electrode
contact, whereby said device may be controlled as a triode.

3. A device as recited in claim 1, wherein said anode extends at least partially under
said emitting edge. '

4. A device as recited in claim 1, wherein said anode comprises a phosphor.

15 5. A device as recited in claim 1, wherein said electron emitter comprises a thin-film
structure having a thickness less than 300 &ngstroms.

6. A device as recited in claim 1, wherein said emitting edge of said electron emitter
comprises a blade having a radius of curvature less than 150 angstroms.
7. A device as recited in claim 4, wherein said phosphor comprises a material selected
20 from the list consisting of: ZnO:Zn; Sn05:Eu; ZnGaz04:Mn; Lay0,S:Tb;
Y2028:Eu; LaOBr:Tb; ZnS:Zn+Inp03; ZnS:Cu,Al+IngO3;
(ZnCd)S:Ag+Iing03; and ZnS:Mn+iny03.
8. A device as recited in claim 4, wherein said phosphor comprises a plurality of
. phosphor materials characterized by having different colors of
25 cathodoluminescence.

9. A device as recited in claim 4, wherein said phosphor comprises three phosphor
materials characterized by having cathodoluminescence in the red, green, and blue
portions of the spectrum respectively.

s 10. A device as recited in claim 5, wherein said thin-film structure comprises at least
30 one film having a work function for electron emission below about three electron
» volts. :

11. A device as recited in claim 5, wherein said thin-film structure comprises at least
one metallic film,
_—
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A novel fabrication process using process steps simlar to those used in 5

sem conduct or integrated on may be used to produce the
devi ces and . their ,“lmum,lmrmmmllance with the invention. Various
enbodi.nents of the fabricatioh L ® s process allow the use of conductive
or insul ating wolghssas es and al l ow fabrication of devperesdtasissgd
various functions and conptexity. A notable feature of all the

fabrication process enbodi nents described herein is that the anode is
sinply fornmed 1. A devidelaswécitedin any eneé6f chimph e 21, whepsinsabisubstragg saidpri or art

processes. (In th‘r%ﬁ-ﬁﬁ: &' daftf andlid, smdconﬁoleﬁ&i?&&?ﬁﬂ%md%rs‘iﬁﬂ&%oﬂ@ﬁaﬁ&&ﬁed by a

sacrificial confo Figs. 4a and 4b toget her

show a flow di agrm @%ﬁ%&ﬁlﬂﬂ%ﬁﬁﬂw"ﬁﬂﬂgm fabrication process
performed i n adGoAdnethad of fabivicating & fieldernission device, comprising-thg steps of how

a series of side el evation cross sectional views corresponding to results
of the protess 15 (a)providipgagabsiates. 4a and 4b. In the followi ng description

et ar Bnoe | e (bmegs o st mpaRyes hon ik gt 7 °°1 O, EPVipeoL
. siml
Views of rebults QO 5%%8 %%sgﬂ‘@&s i E“é?ﬁm%ﬂ%é‘@ﬁ?"’ B8 e

step r ef erer?éégo ayeggal anode layeg | &4 predsterm hickpewsagd oyt | i ne
for fabrication of aadngdeopaﬁajorsurﬁeagl ce is described first, followed by a
description of the detailed process which is depic;ed in Figs. 4a

and 4b and0 whi ch i(d) disposing a seqond insulating faysy upenssaiskanodeslayencsaid seeandy| t s

of Figs. 5a - 5r. TaRuRtihg layérihaving g sétioRd predeteinfitd thitlgiess; | n Fi gs. 4a and 4b.
In a sinple fabrication process for a diode field-emssion device with

sinplified - (emmgmmmmmmmmlamemya&whmﬁd film

70 is deposited wnm&m% bt 8 hecohd iy Ty IR/ o 8 oSBT e
I.n cqQn

anode film an ultra- m 100 1s deposited

Setive em
(S12) over the insul W&“@ﬁ&@@rﬁ?ﬂﬁtﬁd‘%o is

15 () providing an opening through said lateral emitter layer and through said second
insulating layer, thus forming an emitting edge of said lateral emitter layer, said
opening extending to said top major surface of said anode layer; and

(g) providing means for applying an electrical bias voltage to said lateral emitter
layer and to said anode layer, said bias voltage to be applied being sufficient to -
20 cause cold-cathode emission current of electrons to flow from said emitting
edge of said lateral emitter layer to said anode layer.

14. A fabrication method as recited in claim 13, wherein said substrate providing step
(a) comprises providing a conductive substrate.

15. _ A fabrication method as recited in claim 13, wherein said first conductive layer

25  disposing step (c) comprises disposing a layer of phosphor, thus forming an anode
with at least said top major surface of said anode comprising phosphor.

16. A fabrication method as recited in claim 13, wherein said second conductive layer
disposing and patterning step (e) further comprises extending said second
conductive layer over at least a portion of said anode layer.

30 17. A fabrication method as recited in claim 13, wherein said opening providing step
(f) is performed while leaving at least a remaining portion of said second insulating
layer, such that said remaining portion covers at least a portion of said anode layer.

18. A fabrication method as recited in claim 14, wherein said electrical bias voltage
applying means providing step (g) comprises providing electrical contact between
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et ched (S15) through t he emtterand-insulator, stopping at the anode film
t hus form ng and automatically aligning an enitting edge 110 of the
enitter; and nmeans are Ll"lﬂ mm.ﬁﬂmﬁﬁm for applying an el ectrical
bias to the emtter and anod 30 cause field em ssion of
el ectrons frompigwssessst t1 ng edge 110 of the'emitter 100 to t hePCT/US96/08254
anode 70. The anode film 70 deposited in step S7 nay conprise a phosphor

film75 for a device specially adapted for- use in a field-em ssion

dISp|bay IThe pQOSWeonmyn\beubstrateandsad}atadtdmﬂmhym , and prowidingsmeans for, and
may e sel ecte (0] Hsﬁ'at &q,@mbor
of its lum nescen%‘hﬁﬁIg Bﬁk%&ew%&&gs bg‘i e,thusfabn&ﬂﬂé@ﬂe\ﬁ

PCT/ US96/ 08254  acommon-emitter configuratiq®.  pr gvj de substrate

19. A fabrication method as recited in claim 14, wherein said electrical bias voltage
5 applying means providing step (g) comprises providing electrical contact between
said conductive substrate and said anode layer, and providing means for applying a
bias voltage to said conductive substrate, thus fabricating a device having a
common-anode configuration.

_ 20. A fabrication method as recited in claim 13, wherein said substrate providing step '
10 (a) further comprises the steps of: '
(i) providing a conductive substrate;
(ii) disposing a third insulating layer upon said conductive substrate;
(ili) disposing and patterning a third conductive layer upon said third insulating
layer to provide a buried contact layer.

15 21. A fabrication method as recited in claim 13, wherein said substrate providing step
(a) further comprises the steps of:

() providing an insulating substrate, and
(i) disposing a third conductive layer upon said insulating substrate to
provide a buried contact layer.

20 22. A fabrication method as recited in claim 21, wherein said electrical bias voltage
applying means providing step (g) comprises providing means for applying a bias
voltage to said third conductive layer.

23. A fabrication method as recited in claim 21, wherein said third conductive layer
disposing step further comprises patterning said third conductive layer.
25 24, A fabrication method as recited in claim 21, further comprising the steps of.

(A) patterning said insulating substrate and selectively etching said insulating
substrate to form an opening for said third conductive layer, and
(B) disposing said third conductive layer within said opening in said insulating
substrate.

30 25. A fabrication method as recited in claim 13, further comprising the steps of:

(h) disposing a third conductive layer spaced from said first and second
conductive layers to form a control electrode layer;
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S2 Deposit insulating |ayer. S3 Pattern and etch
recesses 84”"1,m", ctive material in recesses to
form buri-ed -‘contact |ayer ﬂ)'" ”m)”u PI anari ze

S6 Deposit “insul ating | ay Deposit conductive

| ayer t.0 a pr wWixe6asss4ned th| ckness 10 S8 DeD%ﬁusb&)&dgkﬁt! ng
| ayer to a predeterm ned thickness S9 Deposit conducti ve
| ayer to formcontrol el ectrode |ayer S10 Deposi t

i nsul ating | ayer tdDapprfermingsaid opesing providingstep (f) by further providing aBbpeningr ovi de
conductive cont act Sthfdmgh@ﬁdﬂdrmﬂlﬁﬁ%lai&%usfonmngacomrol electrodbedge BEPOSI

and pattern ultra-t S13 Deposrt
[ nsuloatl ng | ayer toﬂad.'cﬁr {e}hf%l&{;rr%d%% ckness S14 Deposi t
and pattern contr ol G pRfidirgdRedns ¥ hppHjing &Y electrical signal to said third conductive

5 layer, said electrical signal to be applied being suﬂiclent to controi said current
of electrons

26. A fabrication method as recited in claim 25, further comprising the step of
(k) disposing a third insulating layer upon said second conductive layer, and
wherein
10 said third conductive layer disposing step is performed after said second
conductive layer disposing and patterning step (e), and wherein
said opening-providing step (f) includes providing said opening through said
third insulating layer.
27. A method of fabricating a field emission device, comprising the steps of:
15 (a) providing an insulating substrate;

(b) disposing and optionally patterning a first conductive layer upon said insulating
substrate;

(c) disposing a first insulating layer upon said first conductive layer;
(d) disposing a second conductive layer upon said first insulating layer thus
20 providing an anode layer, said anode layer having a first predetermined
thickness and having a top major surfuce;
(e) disposing a second insulating layer upon said anode layer, said second
insulating layer having a second predetermined thickness;

(D) disposing and patterning a third conductive layer having only a few hundred
28 éngstroms thickness upon said second insulating layer so as to be substantially
parallel to said substrate, thus providing a lateral emitter layer;

() providing an opening through said lateral emitter layer and through said
second insulating layer, thus forming an emitting edge of said lateral emitter
layer, said opening extending to said top major surface of said anode layer; and

30 (h) providing means for applying an electrical bias voltage to said lateral emitter
layer and to said anode layer, said bias voltage to be applied being sufficient to
cause cold-cathode emission current of electrons to flow from said emitting
edge of said lateral emitter layer to said anode layer.

\
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S15  Provi de opening do to anode top surface
contact holes to emtter "Hlumge (|f any)
' contacts

contact - 20
Provi de nmeans for applyi ng swtabl e bias and si gnal

S16 Open
and anode
S18

vol t age('s)

Table L Li st wb9t/sisss cati on process steps shown in Figs. 4a pofiudésosss

10 -11-

28. A fabrication methiod as recited in claim 27, wherein $id second conductive layer
disposing and patterning step (d) comprises disposing and patterning a phosphor,
thus forming an anode layer with at least said top major surface of said anode

layer comprising phosphor.

s 29. A fabrication method as recited in claim 27, wherein said third conductive layer
, disposing and patterning step (f) further comprises extending said third conductive

layer over at least a portion of said anode layer.

30. A fabrication method as recited in claim 27, wherein said opening providing step
(g) further comprises leaving at least a portion of said second insulating layer

10 covering at least a portion of said anode layer.

31. A fabrication method as recited in claim 27, further comprising the steps of:
() disposing a third insulating layer parallel to said second conductive layer;

() disposing a fourth conductive layer such that said fourth conductive layer is
spaced from said lateral emitter layer by said third insulating layer;

15 (k) while performing said opening providing step (g), providing said opening
through said third insulating layer and through said fourth conductive layer,
thereby forming an edge on said fourth conductive layer; and
(D) providing means for applying an electrical signal to said fourth conductive
layer, said electrical signal to be applied being sufficient to control said current °

20 _ of electrons,

32. A method of fabricating a field emission device, comprising the steps of*

(a) providing a flat substrate;

(b) disposing a first insulating layer upon said substrate;
(c) patterning said first insulating layer and etching said first insulating layer

25 to form a recess;

(d) disposing a first conductive layer in said recess to form a buried contact

layer;

(e) disposing a second insulating layer over said buried contact layer;

(f) disposing a second conductive layer upon said second insulating layer to

predetermined thickness;

30 form an anode layer, said anode layer having a top major surface and a first

® disposihg a third insulating layer having a second predetennil.ied thickness

_ over at least a portion of said anode layer;
\
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A fabrication process for atrtode, tetrode, etc. device may al so include

steps to deposi t addr films 130 and to deposit
addi tional. conductive filns E! iml“ Im mmll)nt roI el ectrodes, which have
a control electrode edge 150 ccrratL cal with the emtter

bl ade edge or twp9ird;§hs4l n the follow ng det a| I ed process descr ppTiUsSss/08253
these additional steps are included as "optional"” steps, to be perforned
only if control el ectrodes are to be included in a particular

device structure. |t véh)|disposingpad natterning ashisd conductivé liyre haviag aithird he art
that the detailed proce amoamaaeﬁrwoﬂbm&ﬂuﬁﬁ&ﬁa@awmnrsﬁam

parti cular ”E%?eg%%’ oo Pl e ol b7 gt ot ' "0

technique and in the or owmttaflaxﬂr:ocess 10 steps will also be apparent to
one skilled |n the art

A aj | ed descrlptlon of
preferred process for @hM&%@“ﬂhW 3«: Bd‘rf"urthpf é&?k?ﬁﬁ%v

proceeds, with referenceggon atiegst a pitiondfsaid thin Emitter layer;
fabrlcate a triode device with one or two control electrodes, the process

illustrated in Figs. 4@, dwpommdwmmsaf@qbenonducnwlaye&uwbmd&utho i s
provided (step 15 S1)ins patafl€liio ¥Ad QibstrAie and it 1éadi p ayer

30 is deposited (ste 82 on su ) rate be done or
exanpl e, IOby gr ovvr( ng g fi wﬂf%md layere R’ft° °"%°B§f°8t% {YEhy one

m cronmeter f{hick on a Hnﬁlh &onfto Tc%

I nsul at or sfgrface for egiosrfimgw?8 co S%M%E&mter!r% Péﬁ?%e pr erred
process, a pat t ugh-said ihip emitterdayer and theough said) | ¢ o
the surface of the lnsulmmsaﬁmghwwebymmﬁagm&mmbfsﬁdﬂﬁmﬂmed in

the recesses to forma

planarized (step S5). WW&%r S 1S é‘escrr o4 %fesF‘S%%“%%w %?%rosr‘?l on,
the conductive material Rfepdmgaaepeningaxtending to,said t9p majorsueface

al um num 15 layer;

() providing means for applying an electrical bias voltage to said thin emitter
layer and to said anode layer, said bias voltage to be applied being
sufficient to cause cold-cathode emission current of electrons from said
emitter edge to said anode layer; and

20 (m) providing means for applying a signal voltage to said control electrode
layer, said signal voltage being sufficient to control said current of
electrons.

33. A fabrication method as recited in claim 32, wherein said second conductive layer

disposing step (f) comprises disposing a layer of phosphor, thus forming an anode
- 25 with at least said top major surface of said anode layer comprising phosphor.

34. A fabrication method as recited in claim 32, wherein said third conductive layer
disposing and patterning step (h) further comprises extending said third
conductive layer over at least a portion of said anode layer.

35. A fabrication method as recited in claim 32, wherein said opening providing step

30 (k) further comprises leaving at least a portion of said third insulating layer
covering at least a portion of said anode layer.

36. A fabrication method as recited in claim 13, wherein said second conductive layer
disposing step (€) comprises controlling the disposition of said second conductive
layer to form a thickness between about 100 ingstroms and about 300 &ngstroms.

_—
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tungsten, titanium etc., or may be a transparent conductor such as tin

oxide, indiumtin oxide etc. (For applications using a common
emtter for all devices made on a 25 substrate, the substrate may be
conductive and performthe function of a buried emtter cont act .

For such appli cgbogseess steps S2, S3, S4, and S5 may be onm tt edpcEHUsSYOSZ a
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 110 vapor deposition of silicon oxide to a
t hi ckness of about 0.1 tg 2 m Gk rs, for 3 npl e.

patterned to form an an Y € 0 Ts npt red to be

cat hodol unm nescent jedm 'n [ ot~ SOfiT ;e'grﬁé‘h 'ég
condueti ve anode 1 o it metal film
.C_V_.f.i.S_.f’ --.t'frd. oxid el oLt N oxi de
sed ing ajligh Itti Ilcatlon

A conductive | ayer iime&| tec’zmbe S?) to_a pj_@_ﬂet rm ned thickness and

or anot her conductive f ||-I-m-d
(I TO. If the devi CE o
dn

d
such 4s a display, {hod dlve, | avker e <00 C.tum.oagﬁ
or may be a conposite | prae! no_ 4 juck | s ht h a th| n
filmof rfee o~ o B bt e e bbb o —0--? r5o-
phosphor 75 on its Sttt = P oeden ooy -8 ~=j=rrh. =z roxtde(ZnO),
zinc o S I L~ — S

AN 10

...-3\....-..- PP NPEpH ErppnpRpRpRy |

140

140

ZzZzZzZzZzz2z27222 4

Fig. 2

277722222227~

— | Fig. 3
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sul fide (ZnS) and nmany ot her conmpounds. Some ot her suitable phosphors are
ZnQG Zn; Sngerr]:Eu; ZnGa[err]Jerr]:M; Laferr](err]S: Th;

Y[err](Jerr]S: Eu; LaOBr: Tb; ZnS: Zn+ln[ferr]derr];
ZnS: Cu, Al +Inferr]err]; (ZnCd)S:Ag+in[err](err];- and

© ZnS: M+l n[ er r | Wb®§sidsss S Still other suitable phosphor nmatgéfpéesnssss
descri bed, for exanple, in the chapter by Takashi Hase et al

"Phosphor Materials for Cathode Ray Tubes" in "Advances in

El ectronics S-S , 79 (Academ c Press, San Diego, CA,
1990), ‘ pages 27¢q373, which réference al so uses the conventiona
phosphor notagion used here. kf the application requires anode

| ayer 70 to be patterned, that patterning may be 10 done by subprocesses
that are cony ' ' ' fabrication practice, usi ng

| i t hogr aphy b | ayer. In particular, anode |ayer 70
may be | a process anal ogous to steps S3, 4,
and S5. In the next step (S8), an insulating |layer 90 is
deposited to B prectsel predgt ermi ned thickness. This
predet er mi ned t hi cknes f insulating]layer 90 is quite 15 inportant in

determning t 2st di stance, and thus in determ ning
the electric applied bias voltage. Step S8 may
conpri se chem cal vapor deposijjtion of silicon oxide to a
predet erm ned t hi cknes®84 n the range ¢f 0.1 to 2 mcroneters, for
exanpl e. Steps S9 and}S10 are perfornmed if a control

el ectrode | ay€r—I40 T35 Tfjecded 20 bel ow the emtter layer 100. (Such a
control el ectrode Iaverqis shown in Figs. 5i - 5j, but then omtted
fromFigs. 5k 5r to i;égstrate the option without a | ower contro
electrode layfer.) If n ed, a conducfive control electrode |layer 140 is
deposited an ; p S9. In step S10 an insulating |ayer
130 of a predeterm ned i s deposited over conductive

e et ter o anogethros

control el ect) e it and to provide a
S6
S7
S8
S9
S10

| ]

£ \—y—.—.}
Fig. 4b
Fig. 4a
2/5
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25 flat insulating surface parallel to the substrate for the next step.

Whet her 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 - b5r,

respectively shewissgssshe renmai ning fabrication steps and the pcTUSIsH82s4
correspondi ng side cross sectional views of the device. In step Sl1, )
conducti ve .30 contacts 120 are provided to the buried contact |ayer 50, -
by openi ng suitabl e contact s, 4a hol es and depositing conductive
material in them (formng ;SEEEB_;\to make ohm c contact with
buried contact layer 50. Ingstep 12, an ultra-thin emtter layer 100 is
deposited and patterned. Prgferr materials for conductive lateral-emtter
| ayer 100 aco til al um nol ybdenum or their
al l oy3 such as itaniun}tunﬁgtgn 35 al I oy. | However, many ot her
conductors may pe used, suc al um num gold, silver, copper
copper-doped al ; Seleelgtheniohia | ycrystalline silicon, etc.
or transparent thin-fifmconductors such as tin oxide or indiumtin
oxide (1TO. |1 pleSedoki

WD 96/ 38854

AVENDED SHEET
PCT/ US96/ 08254 | - s

S13

S14

S15

S16

S17

S18

Fig. 4b

N
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desirable to use a material with a | ow work function for el ectron em ssion.

In this respect, preferred materials have work functions |ess than
three electron volts, and even nore preferred materials have work
functions of |ess than one electron volt. The deposition in step S12

is controlled modeamssssa filmpreferably of about 100 - 300 5 permsosos2ss
[err]ngstrons thickness in order to have an emtter blade edge or tip 110
in the final structure that has a ggdius of curvature preferably
| ess than 150 [g@r]ngstrons and nore preferably | ess than 50

[err] ngstronmns. fabricate the preferred E@b ilii!
T I S i

patterni ng of | atsg W7 B r S !;' s, done ) ’ .
bl oo SR G

chemtcal vapor deposition of silicon oxide to}g
0.1 to 2 mcroneters, for exanple. |If there a%ﬂ“}/
el ectrodes and | symmetry with respect to the piéa 6
| ayer’ 100 is de®fred, then this insul ator | ayer 130 shoul d be nade
t he sane thickness—a h-e— : yer 130 deposited in step
S10. If a control @ i ncorporated, a conductive
material is 15 gmnedséstep S14) to formthe upper
control el ectrode v e control electrode 140 may be
deposited in a recess pattern and planariz as T T™h pse of the
buried contact layer 50.) It should be nent ; . ,
films deposited and patterned in steps $4, 7 and Sl14
(if perforned) are all deposited i n78f nt with
respect to the anode film 20 70 depositgg"““' ' s
In step S15, anggpening is provided through®™alLthe Layers | yving~pdlr anode
70, down to the top surface of anode %Wm%ﬂ ¥ i S
patterned to intefjsect at : st sonme portfd FLLldrt | ayer 50
(and of control epg NS-30any), to define emtting

| e
edge 110 of ?ﬂW%W 20efi ne edge 150 of control
140

/0t
/
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25 el ectrode |l ayer 140 if any). This step is perfornmed by using
conventional directional et chi ng processes such as reactive ion
etching sonetines called "trench etching” in the sem conduct or
fabrication literature. To fabricate the preferred enbodi nent of Fig. 2,
step S15 is pwobeassss4l while | eaving at | east a portion of mpuhgs,zmﬁa
remai ni ng and covering at least a portion of anode 70. 30 :
In step S16, contact holes are opened to emtter, control electrode, and
anode f:eded. Metal contacts are Sléposuj' e needed in step
S17. Alternatlveﬁg the s part of the pro2¢ €ps S16_and S17)

t hat

case, the sequen
(i f used), S16,
35 * application
to formthe devi ¥
materials for allg
thi cknesses of the 2 i NVeNtdr7BuE7ir st ; filmns

di spl ay
esirabl e

13
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In step 818 means are provi ded for applying suitable ele 23:?/08254
HPEAN

vol t ages, and (for devices incorgarating control DEC 1996
sui tabl e signal voltages. Such neans may include, for exanple,

contact pads selectively provided at the device top Eur;ace . to make5
el ectri cal ' ' | e wre bonds, neans for tape N
aut omat ed b%%ﬁ?lﬂs{(?ﬁm%%%mﬂg etc. In use of the device, of

cour se, conventional power supplies and signal sources nust ‘be '
provi ded to supghfig. t shows a plan viewfiaqertion of apreferred iatray embedithentof: fied-

signals. ThesgioH ddvided tlade t RicBMaflte With tHelihvenfiBh. vol tage anplitude

of the correct polarity (anode positive) to cause col d-cat hode flel d

em ssion of - eIech (#1 curre flromemtter ed e.110_to n(gﬁrel 70. eS|red

a 10 passi vathi§re FHRYS °B\?ﬂaﬁﬁr95éa°q"8 lyaewy of anem “except
wher e % her dield-emission device madeiit dceerdancet wich thetim@dationd/ or cont act pads needed
to make el ectrical contacts. This conpl etes the description of the

TRTRES 322??2?%'5 DY e o et sl Yo Al spomeDacum o

a |l ow of a @mlssm eyige. i n opening 160, it is necessary to enclose

t hat space or caV|ty This 15 can be done by a process simlar to that

cégscrl bgfl in tﬂq?g?qahﬁ?ug t dr@?éWﬁf!low dia {ram of'aﬁ%hbﬁ@ih%nf-%trs% Eg\sflsfﬁg
atible ntegr at e Ui Vi ce :

pulr:)rlpl catlorfv%tféﬁ ﬁeﬁé’fé@ 18, aSEP" E‘Eﬁeé”‘t W@P“%S September

1989. Such a process can be begun by etching a snmall auxiliary opening,

conneth ed to Fig. 5a -tFig. rshowragsefieof sittecklévation eppsSidatiombvieast as deep as

that openi Q%R’@éspo?ldl b réstits BFiHe r@ésgggpsoﬁgésohgaﬁﬁ he | evel of - anode

| ayer 70). I|ary opem a portion of the
cavity spaced awa romthe emtter ed e area. The opening for the main
Al

cavity %SEMIEQUOOEW REFERBEMMEMBO TSI | ed

tenporarily with a sacrificial organic material, such as parylene,

and then pl anar iFigd. shdwsiasirwewof aportic 6fa préferred array eslBeEReRtesh ekt endi ng
Vi ce s rface |ncI udi over .th CI’If ci al

mater ol , S GRHIESE pRdk Ao e Bt 8 PRI A BB AT Bl at or

by rebict i veach 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
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
20 features of devices made in accordance with the invention may be clearly understood
o 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
25 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 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 pianarizing the resulting surface. In the latter case the
30 top surface of conductive layer 50 lies in reference plane 40. A layer of insulator 60 is
made on the reference plane 40, covering conductive layer 50. A conductive layef
parallel to plane 40 serves as an anode 70. As will become appa{ent from a reading of
the remainder of this specification and the appended claims, the preferred fabrication
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ion etching only over the auxiliary opening. The sacrific ’uﬁqaahloszsl"

material is renoved : fromw thingthe-cavity by a IP t2t3 Dsﬁaﬂggﬁ
as an oxygen plasma etch, which - oper at es -through the hole. The
atnosphere surrounding the device is then renoved to evacuate the '

cavity. If an inert gas filler .is desited. then that gag is_ | duced at
the 30 desi rgg’eﬁ? & &qf e eﬁ?gﬁ'{t?f@fsr%f gieé'ﬁﬂo‘ﬁ&ﬂ#"gaﬁe&b%ﬁ ‘%ﬁlgr e

i mmedi at el Jatéfal-emittéd field-effect desipe withsimjified anodegaradescribedylenein belemeini al t o
plug the haole. Lf intr ~1 1.0 ' s ot Lal is desired,
t he hol e- plcﬁﬂﬁﬁchﬁn %‘f'%‘pa%%a%@é\hs?és% R%V%F%"{V@S rgfrgg'r?% rfaé) ngﬁ X e%‘g%sg'vi Z.
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‘insulator to A novel brisatiqnpropess ysing propaes sepsSiylar tgthogarsed W nsul at or
_Sef“ S d§ hed%él’_{[ﬁ'ﬁbhdtﬁiigr infigpdtéd ct:i?du_itfilﬁiriq%fﬁon may BE ubeday lp?(bdifcte ainy/deviees and) atSt

i ntroduced. e gettering materi i f.used..is chosen to . .getter
any undesi theif §Zdysdn ag‘iﬁ’é&“ﬁg %‘E&}E%WVB‘F‘°§a§g*§'°E%ﬁWQ?iﬁ“ﬁ5‘S QGF‘}CJP‘?“%?“
exanpl e.  process alfwrehexuse ofl bbrelugtive @rinsuldtingisabstratesan@allowddabritatiormdf oys of
Th, etc. org0of ny. ' . . i alLs known in
the art of d\?ﬁ‘@%ﬁ%ﬁr&o‘éﬁ@%g{@lﬁ%‘ﬁ %‘ﬁ??‘ﬂ?.'%“ %’r écnggégotl ‘# %?‘“%P_J" t‘%r etaining
vacuum or dabricatiom pravesscsmbodiments dascribedrhereiuisithatithganode ds simply faredsa - 5 .
It w iq be vﬁﬂ{b‘lx@ﬂ{eg{r%@%fﬁﬁﬂ Pé:ﬁ;glggéd inQ8mle ﬁbPﬁn%Eéee&é%@.t gmg&&%rp?*b?dnar Lays

of field- SSI 0 evi , such, as the arr | , e
made by si PEPEEsIRSOY ENAger was formed by a sacrifici conforma? coa%%gg A y

Figs. 4a and 4b together show a flow diagram of an embodiment of a
fabrication process performed in accordance with the invention. Fig. 5a - Fig. 5r show
, a series of side elevation cross sectional views corresponding to results of the process
15 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, and 5a - 5r, in
which the same or similar process steps and the device side elevation cross-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
20 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 - 5r. Table I lists the process steps shown in Figs. 4a and 4b.

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

25 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 trench opening 160 is
etched (S15) through the emitter and insulator, stopping at the anode film, thus

. 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

30 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
any cathodoluminescent material, and may be selected on the basis of its conductivity
and/or the color of its luminescence.
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5 perform ng each step of the fabrication process demeggrb%g%sll-
multiplicity of field- emssmnlqewces on the s |1 96

Jproviding various interconnections anong them An integrated array
of field-em ssion devices nade in accordance wth t he present

i nvention has each device nade as described herein, and the devices are
arranged as cel AsfabGeationmpiroeessfor jadeiede, teteodenete s davicamay-alsol inelude @RS tanode

per cell. Ebﬁositoaddmoﬁal nhs?xla'%éxeﬁlﬁ{srléﬂﬁﬁd t@héywu awﬁoméombmmsvmh t he

anodes i nterconne exampl e
emitters i fé?%‘&fﬁﬁ%‘ﬁ‘f es, ‘glﬂﬁh bave & coptrol 8088 edg ¢ ad astemn 'iléaﬂlbﬁﬁﬂﬁgsl LI TY
There are mishytheemities bladeedgd or tig DHD. f Inghelfolloiving detailéd pracessdescdptione and

o opl dys. 1 ek B8RS sgb%@@ﬂ%@é‘s?%twﬁ%@v& e e Gl ietonR B
gr aphi ¢ i nkleciradésare (o berinhluded in a particularaleyice stragture) tlt will hegppereatita oret t he

type of flgkinedftthe gh%ﬁit"%ﬂe H@tgi rB&:s§ BFFIQ?Wa%dQB illustrated by fheSeduftyent i on
can repl ace many existin |nc ud Lfé& ILqui d, crystal® disp ays
because of Of Figsr33 vifema t!P? F‘EWEIWG@E“‘“%B%‘F“

consunpt i O@rocess steps asrapﬁhﬁ)haw l(ﬂh&ﬂk&%&tmrﬁﬂd tdchRiqQy a8l naheerdef oﬂpmssg
angles. Disp @lglagln ace r an 1(@ i\f/&ththe present invention are
al so lé’xpecl*"@&s &C ¢ apPare %W%@ﬂ\? nthedt such as di spl ays for
virtual reality systems. In enbodiments using substantially transparent
substrates and fA detsiledidesription of! aqoefpued progessiforfabticatiog thehieldfemissonpr esent
| nventi on gﬁﬁces now Proceéd%e%tﬂr%%reﬂéﬂolﬁlg{) b 4/3n¥9)edzreal ity displays.

Q her enbodi nent's o ne i nventron wl earﬁaren tothose skilled in the

art. 25 froma consi.deration, of thi s specificati on or frompractice of
the invention dikodiebaeate a triode devicg with pnes twe cantspl slactiodes, therPresesy, ocess

steps may HRisiated 9IFigs. 408, dtantsriivperformed. A substrate 20 is provided (step
15 S1), 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 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 ona

25 . substrate, the substrate may be conductive and perform the function of a buried emitter

' contact. For such applications, steps S2, S3, S4, 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 toa thxckness 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). If the device is to be used in a light-emitting
application, such as a display, the conductive layer may be a condiictive phosph_or 75
or may be a éomp_osite layer comprising a conductive material with a thin film of .
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\}ari ous purposes; inproved |ithographic patterning, deposmma 361 chz 5‘
ot her process techni ques may be}zused; functi onal ln'é@ll,g &8 DEC 1996
i

materials may be substituted fot“the particul ar als used in

t he enbodi nents descri bed herein; preferred 30 di nensi ons may be vari ed;
and ot her nodifications may be nmade to adagt the device tq vari ous

usages and phosphari78ren its top isurface: Switable phesphensdnclydezing exide(GrOh FnCexanpl es
be SR (RSP shPRaf QAR @bolids/  Sotd SthérWRithble hosphes ared spirit of
t he i nvent Li)n e(i nsja ] f&ﬂ%efd n&% bﬁ# t&]@s_{,l())_l l\P\% rLgEgI %Tp& Tb:
Havi ng desci®és: én%@emz 1204:Miny; 13202310, ¥2025-Ey,5 LaUBr10;
CLiAlj VS ) ZnS:ZndIny05f | ZhSICaAISHH3; d{Zn0d)S: AgeinO3; oind WaStMpelngOng a
col d-cat hodg..f i - r e g:
o & Stbot railofeCnfibi bhifboer meterpl ars aSeRfs B ABHEENR ORI LID
b) a fi el d-Eakashiitiase et dctRhosphoriMaterialsifos Cathedediay Tubes dn dAgvanees in
substant | al ljz".jl}.‘,ctronics and Electron Pl}yQEE'aVbl‘? b9 (AciderlicPreS Sad DRiFoSEiAd 1500yt pl ane
by a first distance 1.d emtter ) hﬂVl ng an emtti,ng edge;
pages 271-373, which reference also uses the conventional phosphor notation used
here. If the application requires anode layer 70 to be pattérned, that patterning may be
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 90 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

P

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 - §j,
but then omitted from Figs. 5k- 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
" 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 Sli, an ultra-thin emitter layer 100 is
deposited and pattemed. 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, cop'per-doped aluminum, platinum, palladium, polycrystalline silicon, etc. or
transparent thin-film conductors such as tin oxide or indium tin oxide (ITO). Itis very
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c) a buried conductive contact |ayer having upper and Iowa%i@loszs

di sposed with one of said upper and | ow ;t_maj or surfaces fﬂ:e@olg%
said first plane; £..d) a conductive emtter contact spaced apart
fromsaid emtting edge. of said emtter and electrically
connecting said emtter wth at | east orfion of .said. .

buii ed conduct i vdn RS megnsare ?@%#63?&’9 Wﬁﬁﬂﬁ%&tﬁfﬁéﬁs voltages,

e) a first ianglonrdevices instrpordtingcomrbl blettraies) sitable Signaltvoltagess Stichdeghsines

and 15 . avi-n ' . | b Ogs er

thi ckness; may include, S °"“§'}’ﬁa?ﬁ8‘§%‘gg’é‘?%?°§%§£égﬁ Sﬁoﬁmégi gﬂ{ecfr% wr?g}t%ﬂr] sur * ace of
said first itosakeelentichlbgoatact, and optionally may include-wiseibenss, means dor 8¢ d
conducty ve. Saﬁotnrlﬁéd ?&Qﬁl?gc tﬂ%pl-é}ﬂ of éﬁ%ﬂﬂiﬁ% \eh sk @Fthe device, of course,  Sai d

top major s ace of sald rst 1nsulating layer, said,anode, hgving an
anode t hi ckifeByentional poxer syppligsang Sr‘@@f F%geﬁé'ﬂ‘-[\;éﬁﬂpm 1@ SURplY thes | ?st

pl ane, the Z2Bpropriate bias voltagés iidTontrol sigmalso dthesewillkinelsde prodiding sfficient
i nsul ating-1la l.cknes ein

t hick b I .t ... ' g
di st ance bet géF ampluds ?étlhe 8%‘9%18%%%‘&' G?‘Q‘P‘.%%‘?S“E’s? tp %8%%019%2{#&8% hé
havi ng an arentssiomgfelectronfcarrent fyom gmitedredgel Kbiochnbde 30. Hidesicedaad sai d .
secon A , S '
Secondyy, . omafunionpvs SRS bl SQRAGE RSB AbrBiRAEyand 52l o
el ectri cal | wondustive contactostuds andéos sartact peds agsded tp make electrical contagisg This i ce

may have a“.dg & tﬁe'de@r@ﬁoﬂefﬁ@%mﬂs@bmess iditetated in Figs. 4a, 4b, and)Sanesins for
appl yi ng sai lectrical Dias voltage to said emtter and to said -

anode, said bias 1¢@li§ a&irell o haverhofieldemissionell wpérating Withtaovataum @r a low.

€0 d cat hOdepressure inert gas in opening 160, it is necessary to enclose that space or cavity. This

15 canbe 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 poi'tion
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 surroundirig 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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.em' ssion current of electrons to flow fromsaid em'ttingm %ﬁ& %9564
el ectron emtter to sajg.anode. -17

.device as recited in claim1, further conpri sing: i) a
conductive control el ectrode d| sposed on a third pl ane spaced from said

first and Sees anes ai d le havi ng a
control eI Rtter g&éerggglglown i 1 vacuulgdlb cé’r?%‘?"ﬁ‘#é ;ﬁsgoﬁééfggﬁrh sai d
en tting. ecaniog vaaiut mrgastatmosphaes is not illustrated incligniclaj 41y ahdSangr. ayer

'di sposed between said second and thi rdpg[ anes to i nsul at e
sai d control el Bovillbeappresiateddydheseskilled in theprtithat integrated arrays of figld- 5

' COF’I?;JC'[ ' Veex{iﬁﬁ%)ﬁ QbviSdsSSiich QY theChithly ilﬁ"Fng Raﬁlgﬁ bemafé b Eﬁiﬁltgﬁ%dﬁsl?()nduc'f ' Vet I
em tter contac sal conduct.i ve ano n sai d contro
o1 ect Sode. BRTBEIng £8o8 siep.qt fhe e brycaion st s ued Agrein Y A RUIBPISEY obte:  anc
10 figld-ennssionf devicapph ;hemma salsstiatep While providingvarivug imerconimictions control
el ectrode ¢ . Sald .dev) . ol l ed as
~a triode. &Rgﬁgaﬁl'ém, £n integrased & %ﬁ%ﬁ’?@é sn?)ﬁ dgwgﬁ%r#‘i& l%écrogﬁ%ﬁl%g i anode
ext ends at the@aesentgaventioh|hgs eachalevice 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 m;iny diverse uses for the field-emission device structure and

fabrication process of this invention, especially in making flat panel displays for

15 displayirig 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 displays 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 ﬁresent 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 usa'ges and conditions. It is intended that the specification and examples be

considered as exemplary only, with the true scope and spmt of the invention bemg
deﬂned by the following claims.

- Having described my invention, I claim:

AMENDED SHEET



aid em b1 e v a7
O T ety 9SS S L0 L REANY 03 MAY 1097
d anod ph 5. Ad
o !

wherein s er conprlses athin-film , structure
havi ng a n 300 [err]ngstrons. - 6. A device as .
recited’ |n claim1, wherein said en1t¢t3&gﬁﬂge of said electron enmtter
‘conpri ses a bl ade having a radius of re less than 150 [err] ngstrons.

material sol oA giission disofiydieiion B fedyPt e « R ERARHe SAERHISRE 5.
EQ%£ e_rl_[)] qzﬁrs-r ];lieﬁﬂlnon safres, chmpasing:S: Tb; YE err](err] S Eu;
(ZnCdj S: Ag+| nt eg)r f%{‘ggr r%‘g'%{llﬁodis@g@%%%rw Jﬁﬁn‘é drs plan A devi ce as

recited in clai ‘&ﬁamgﬁ;fsklen%&b&oﬂmﬁ&?arségﬁmnlmaoﬁ ws%bsthuuﬂ_ﬁ,

phosphor materi a racterize n tcolors .qf 25 -

cat hodol umi nescenBt%"*‘-He to and spage ﬂ'og’eiﬂq:ér aﬁ"’e‘b‘iﬁgﬁ t distappe, saif #mitieTor o .
~ sai d phosphor compavifigan emittisg edgesphor materials characterized
by having cat hodol um nescence in the red, green, and bl ue

portions of theck pduiried condepiee contadt jayer havmg upplaf)andﬁlowwmprasrfa@s,l ted in

claimb5, wherein &gﬁ{%' one
filmhaving a V\Dragkﬁsnetgmnghn&#or sé{de E’%ﬁ%ﬁelﬁqaggl ﬁ?éﬂ?&\?\/&a 0 ree _
el ect ri@n said figst|plane; 11. A device as recited in cI a| m 5,

wherein said thin- f| | mstructure conprises at | east
metallic film @) aconductive emitter contact spaced apart from said emitting edge of said

~emitter and electrically connectmg said emitter with at least a portion of said
buried conductive contact layer to provide a cathode cor_ltact';

e

e) a first insulating layer disposed bétween said first and second planes and
15 - having a top major surface and an insulating-layer thickness;

f) ananode dispbsed on said top major surface of said first insulating layer,
spaced apart from said conductive emitter contact, and extending away from
said top major surface of said first insulating layer, said anode having an
anode thickness measured in the direction perpendicular to said first plane, the

20 ~ sum of said anode thickness and said insulating-layer thickness being less than
said first distance between said first and second planes, said anode thereby
having an anode major surface lying between said first plane and said second
plane, whereby contact between said anode and said emitter is prevented,

. g) aconductive anode contact electrically connected to said anode, whereby-
25 said device may have an electrical bias voltage applied; and

h) means for applying said electrical bias voltage to said emitter and to said
anode, said bias voltage to be applied being sufficient to cause cold-cathode
emission current of electrons to flow from said emitting edge of said electron
emitter to said anode. '
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llayers are all substantially transparent to |ight. - . 13. A nethod
~of fabricaf,l a. field,em ssi.on i ce, canprising the steps of: 5
(a) provi Zﬁ)ng‘%ﬁ&f‘?"%‘g}namm l’q&}ﬁ’e" compnsiag)  dj sposing a first insulating

| ayer upon sai st.r s . (Cye fLSHOSI L onducti ve
| ayer upon sg? g c? %{&%c%w?%@moéte%eﬁgo?% %ROSF%% gg%‘%‘e#lg'?ens}ag& florhshidir an
anode | ayer, saind secondkplanescsaidcontiolelectfadediavipg edontzolglestndde eidgdkness and
havi ng a top BEtantiMil LSk Bl 4 amittand O : (d)
di sposing a sg?gﬁgt I NS fdggrll ng | a§a3‘?g’ﬂ‘por‘1é§%%§ﬁ§%‘832“ﬁyer, sai d second
5 PDa second insulating layer disposed between said second and third planes to
o insulate said control electrode from said electron emitter;

k) a conductive control electrode contact spaced apart from said conductive
emitter contact, from said conductive anode contact, and from said control
electrode edge, and electrically connected to said control_ electrode; and

10 ' 1) means for applying a control signal to said conductive control electrode contact,
whereby said device may be controlled as a triode.

— ~ 3. Adevice as recited in claim 1, wherein said anode extends at least partially unde
said emitting edge. : | |

4. A device as recited in claim 1, wherein said anode comprises a phosphor.

15 5. A device as recited in claim 1, wherein said electron emitter comprises a thin-film
structure having a thickness less than 300 &ngstroms.

- 6. A device as recited in claim 1, wherein said emitting edge of said electron emitter
comprises a blade having a radius of curvature less than 150 ingstroms.
7. A device as recited in claim 4, wherein said phosphor comprises a material selected
20 from the list consisting of. ZnO:Zn; SnO2:Eu; ZnGay04:Mn; Lay07S:Tb;
| © Y202S:Eu; LaOBr:Tb; ZnS:Zn+InpO3; ZnS:Cu,Al+Iny03;
(ZnCd)S:Ag+Inp03; and ZnS:Mn+Iny03.

8. A device as recited in claim 4, wherein said phosphor comprises a plurality of
phosphor materials characterized by having different colors of
25 cathodoluminescence. '

9. A device as recited in claim 4, wherein said phos'phor comprises three phosphor
materials characterized by having cathodoluminescence in the red, green, and blue
portions of the spectrum respectively. ' '

_ 10. A device as recited in claim 5, wherein said thin-film structure comprises at least
30 one film having a work function for electron emission below about three electron
volts.

11. A device as recited in claim S, wherein said thin-film structure comprises at least

one metallic film. .
: S
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ihéul at i Ry “gr\w second predeterm ned thickness; FGTIUS 96,0%-'293
(e) .di spaa‘m“m(“m\‘ ng a second copductive |ayer havi'RgNlus QSMA
hundr ed [efr]hgs‘trﬁnssthi ckness upon said second insulating |ayer so as to
be-substantially parallel to said substrate, thus

I di l. 1 tter, .| X .15 . (f. Qv di nin
Phrough o 21 4 Sfvise 8 sptifen A e of slpidR 1 5 1y whereiy'seld Bhgane s 2" °Pen N9
i nsul ati ng | ayemitterhsaid fnodej sajd contmhelectrode, enthsaidfirst andisecandinallating tt er

| ayer, said- : ' iafiPE IsBSrefit'th jng to said top major surface
of said anode ll?%sra;reglrl]gubstantx ahlspér %ﬁi'provi-di ng nmeans for applying

an el ectricdpP- 1} Bsthpd|of fapsicatingsafield emission|dewge,ioomprising the steps of: | ayer
and to said angde | ayer, said bias voltage to be applied being sufficient
to 20 ?a% provid %1%5154?& cat hode enission current of electrons to

~said lateral emtter

fl f id bL L] . . : d

I ag\(,avr '[ ngZ?lj éﬁ)g%}’g;(ilsg‘%eafﬁm insulating layer upon ga}@?‘é?g M€ati on nethod as recited
[ | ai 13, ' [ vi di t . .

compr 1ses o ov i) ApostB St CHbALE 18ler peH At AP Rsulating ayer s profidine;
met hod as reci t ednianods layen $2 anderayenhavingla first ptedetermimed thicknessyand 25

di sposi ng step .(%ﬂﬁ%@ﬁbgﬁﬁrg{g?&%&%dgggq@?sr rphosphor, thus formng an

anode sal surface of sai d_ anode
conprigi ng pho §posing a second insuldtfthg 14yer aBbh §A4 hlieBeR QdidaRcoRCi ted in
claim13, mherggn}dlsp?i d gieco}qd.conducgéf\,/e aéﬁr ) ’I?gk di sposi ng and
patterning step (nsplating (ayYer havang # sece BBF@%‘H H@dg‘&ikW%econd
Cor.].,(_j uctive | ay?er) £§/p%rsin%tanld %gt%rm%g%osggclm%nco%]auéﬁé(ilay%lr'] gv?ngl_ gr}is? a few hundred

- é_ngstroms thickness upon said second insulating layer so as to be substantially

parallel to said substrate, thus providing a lateral emitter layer;

1
!

15 * (f) providing an opening through said lateral emitter layer and through said second
' insulating layer, thus forming an emitting edge of said lateral emitter layer, said
opening extending to said top major surface of said anode layer; and

(g) providing means for applying an electrical bias voltage to said lateral emitter
layer and to said anode layer, said bias voltage to be applied being sufficient to
20 cause cold-cathode emission current of electrons to flow from said emitting
edgé of said lateral emitter layer to said anode layer.

14. A fabrication method as recited in claim 13, wherein said substrate providing step
(a) comprises providing a conductive substrate.

25
16. A fabrication method as recited in claim 13, wherein said second conductive layer
- disposing and patterning step (e) further comprises extending said second
conductive layer over at least a portion of said anode layer. |
30 17. A fabrication method as recited in claim 13, wherein said opening providing step

~ (f) is performed while leaving at least a remaining portion of said second insulating
layer, such that said remaining portion covers at least a portion of said anode layer.
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,Ieast xti1 0N of sai d second insul ating - layer,
such tHat “sal |n|ng portlon covers at |least a portion of said anode

| ayer . 14, wherein
‘said el ectrf® . i
conpri ses p:v:*w‘*w*“
sai d conduclixe subst.rat o aad. sai
means for " 'app yI fig a bi as voltage to sai d conductlve substrate,
t hus fabr....'u YW s (AVAN I g YA s T aim o1 AR R BIE] Siapbi guration.

ﬂi\iﬁnﬁhﬁﬁ\i G e e s B AV
rd rema

bi as Svol t ag8PP

‘provi di ng ekaid ingwostrate

and said ang_e bi as
vol tage to Sar C havi ng a
conmon anodeemsehiapedeonfiguration ' 20 A fabrlcatlon nethod as recited in

15 21. A fabrication method as recited in claim 13, wherein said substrate providing step
(a) further comprises the steps of:

(i) providing an insulating substrate, and

(ii) disposing a transparent third conductive.layer upon said insulating

substrate to provide a transparent buried contact layer.

20

25

30 25. A fabrication method as recited in claim 13, further comprising the steps of:

(h) disposing a third conductive layer spaced from said first and second

conductive layers to form a control electrode layer;
\ 3

3
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’ ri ses e Ste Si (0] \/ g
conductlmummuuﬂmmumrp e SR %di sposing a tmwems o5lin 1997

| ayer uponctsatd Tonductive substrate; (iii) disposing and
- patterning a third conductive Iayer upon said third i nsul ati ng

| ayer to provi uried contact rication method as
i o ol BetoHr e Pl it st s s praship 5 opSig ™ "L
further conpri slesuglnsaid thiydscontuctive layer, thus forming a control(eléctrotde ¢dgt 6 an

i nsul ating sub (ii1) disposing a transparent
third conducti éaeafééﬁ%?l%u&trr?dgg‘ ot nsul ating '

Fae | e ?OL"n&"(ﬁV‘?ﬁe‘dﬂ’ﬁ‘eﬁéﬁﬁiﬂﬁ“ <EBlr i AT gH 10 @Flird celinerive ™, 2,

vol t &ge layer, said SIMtgbq)amp@bﬁgg sufBgientp contwpl saiskeurtanbyi di ng
means for appl bfemc@o,l;y as voltage to said third conductive

| ayer. 23. Afabrlcatlon rrethod as recited in cIa|m21 wherei n
sai d t hi r @6canfibritationnhatled-as-recited-in m-25-faRher doihrsisiag ahlef conprises
patterning said th| rd conductlve Iayer 25 _ 24 A fabr| catlon met hod as

recited in cl ak#

10

27. A method of fabricating a field emission device, comprising the steps of:
15 () providing an insulating substrate;

(b) disposing and optionally patterning a first conductive layer upon said insulating
substrate;

(c) disposing a first insulating layer upon said first conductive layer;

(d) disposing a second conductive layer upon said first insulating iayer thus
20 providing an anode layer, said anode layer having a first predetermined
thickness and having a top major surface comprising a phosphor;

(e) disposing a second insulating layer upon said anode layer, said second
insulating layer having a second predetermined thickness:;

(f) disposing and patterning a third conductive layer having only a few hundred
25 angstroms thickness upon said second insulating layer so as to be substantially
parallel to said substrate, thus providing a lateral emitter layer;

(g) providing an opening through said lateral emitter layer and through said
second insulating layer, thus forming an emitting edge of said lateral emitter
layer said opening extendmg to said top major surface of said anode layer; and

30 (h) providing means for applying an electrical bias voltage, to said lateral emitter
layer and to said anode layer, said bias voltage to be applied being sufficient to
cause cold-cathode emission current of electrons to flow from said emitting
edge of said lateral emitter layer to said anode layer. ™ 3
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' a sul ating substrate and sel ective 08251"
fg\)sgiai‘t\ﬁé‘ ‘\mﬂ‘mﬂ\\!“ _' tsub_gtra?etto_z r (rfzgoéf)ﬁtgl gg: ﬁog Fgé;on L@tM\}/xeY 1997

| ayer Wi thin said opem ng in said insulating : substrate.
25. A fabrig )
steps of: i
from said firsdisposidesadpadern

control el ectre _. ef

el p 19
thus form ng a control el ectrode edge
and - . (i)

y
pjerdomprisiag-phesphbayer |
of sald control el ectraode | ayer;

32. A method of fabricating a field emission device, comprising the steps of’

(a) providing a flat substrate;
(b) disposing a first insulating layer upon said substrate;

(c) patterning said first insulating layer and etching said first msulatmg layer
25 ' to form a recess;

(d) disposing a first conductive layer in sald recess to form a buried contact
layer;

(e) dlsposmg a second insulating layer over said buried contact layer;

(f) disposing a second conductive layer upon said second insulating layer to
30 form an anode layer, said anode layer having a top major surface and a first
predetermined thickness, said top major surface of said anode layer
comprising a phosphor;

(V]
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‘ ‘m“ thod as recited in claim 25, further $s9 {Q8254
mé“m‘mt“ - (k) disposing.g third insulati ng Sp SMM 1997
) sec condudti Ve Tayer and wherein 10 sai d

third conductive | ayer disposing step is peforned after said second

conductive | ayer 0si n nd. patterning ste V\,her |
sai d opening prégﬁjdﬁ%amgggﬁﬁ(%ngﬁﬁtg}g}a%eg Y‘B%gaﬁg‘r?édé’é‘? ﬁﬁ@dﬂﬁsﬁ)ugh
sai d over afleast aipostidnadfisaig anogelayer; 27. A nethod of
fabricating a field enm ssion device, conprising the steps of: 15 '

(a) providing ar(h) misposing and patteruing & shird conductive layer hanjingia thiki ng and
optional l'y patter 'Br@dbt%ﬁé@ﬂncﬁﬁé&gki?&ﬂ §e\}e?d[%ndi'@&’&1%°sﬁbﬂls'dﬁ6ﬂ ls&l ey

bstr at f on said
fslur:tJ 2oﬁduct i ve I‘ﬁi}%ﬁ"mgigyef and substz *ﬂ&v ar sﬁ’ésé!{@@g‘?ﬁﬂj%g}ﬁ& i ve | ayer

upon said first i remittetlayper; | ayer thus 20 " providing an anode
| ayer, said anode |ayer having a first predeterm ned

t hi ckness and hdWi digpesingxpfousihdnsutating dayer baving a fourth predetermjred thickness
(e) disposing a S%@%ﬂ%ié&&tﬂ ]J'ﬁggof@g m#&&&eﬁﬁ#%r anode | ayer, said second

i nsul ating | ayer ving a's pre erm ned ckness; (f)
di sposi ng and patt gk chi | gﬂw g few hundred
25 [?r)r] rslg%étﬁ% ﬁldt&% t?ﬁfiﬂﬁthgéﬁ%ﬂacfi%[a éﬁl nsu atl ng | ayer so-

as t#¥ be subst ant i18§Y aymg?ayer S“LSta“ua“Y PH&F@I“P 83id supstratecand ab last-pagtiallyh u s

providing a | at er alligred Witk sail asi&de layer, to form a conttél)elqtrodé fhysg an openi ng
through said lateral emtter |ayer and through said second

i nsul ating | ayer(k) mhomdmgmpgungltmwsar@pmﬁgbeledtrmllayef ahwughssidi tter
| ayer, said openi r}Quﬁﬁ( “?ﬁ@*“%‘a@’& ?h% e‘?ﬁttér”lfi{ﬁq‘ﬁ%d;’fﬁroﬁ%hgp?”"de

| -ayer; and 30 ans or app i cal bias
vol t aget o sai d | attBirdinsulating layer, there yfornunganemageep geef said thisi esnittende

layefs said bias vgler a®alcontesl ehRROES UGG ThfrbICIEN0dE Bryer while
providing an opening extending to said top major surface of said anode
layer; - '

() providing means for applying an electrical bias voltage to said thin emitter
layer and to said anode layer, said bias voltage to be applied being
20 _sufficient to cause cold-cathode emission current of electrons from said
emitter edge to said anode layer; and

(m) providing means for applying a signal voltage to said control electrode
layer, said signal voltage being sufficient to control said current of
electrons.

25

30
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.28. A
conducti ve
di sposi ng \
| east sai °T
phosphor. disp
said third cogduGlise. | a
further conpri

d as recited |gzg} im27, wherein said second
di sposin

d patterning step (d) conpri ses
.o L f Jayer with at.

I 2 RN D M 7

SRayer over at

es extend ng. sal

| east a portion of said anode |ayer. ' 30. A fabrication nethod as
recited in claim27, wherein said opening providing step (9)
further conprises |leaving at |east a portion of said second insulating

| ayer 10 covering at least a portion of said anode | ayer.

31. Afabrication nethod as recited in claim27, further conprising the
steps of:

AMENDED SHEET



di sposing a third insulating |ayer paraIIeI to sald secon !:! C

| ayer;

(k)

openi ng

of el ectrons.

‘(c) patterninglsgres
I nsul ating | ayer
di sposing a fif}

| ayer;

(j) disposing a; fourth conductlve
said fourth conductive |ayer is
em-tter layer by said third insul ating |ayer;

whi |l e perform ng said opening.providing step (9),

/08254
t?g °BEC 1996

spaced fron1sa|d | at er a
15 .
proviing said

through said third insulating |ayer and through
said fourth conductive | ayer,

1/5

t hereby form ng an edge on

said fourth conductlvaéiayer and | ayer, said electrical
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(‘.e) di sposi ng a second ir;sul ating layer over said buried P ' gngyggggc ‘]gg%

(f) disposing a second. conductive |ayer upon said second i

to 30 form an anode | ayer, said anode | ayer having a top
major surface and a first predet ermi ned thi ckness, said
top major surface of said anode | ayer conprising a
phosphor; - 22 - éé (g) disposing a third

i nsul ating layer having a second predetern1n t hi ckness

over at |east a[portron of d anode Tayégr (h) -

di sposing and pptterning a . rd conducti e | ayer having a third
predeterm ned tphickness of only several hyndred [err]nquK;nB n said
third 5 i nsul agi ng Iayer and substantial |y “paral to said

substrate to forma thin emtter |ayer;
(i) disposing a fourth insul §ting |layer having a fourth pr ed
t hi ckness | upon at leadt a portion of szI'I'm.t kb lemitter

| ayer; _S_2.‘_

ey
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(]) di sposing and patterning a fourth conductive Iayer upop.!m
substantlally paral | el

i nsul ati ng | ayer,
partially

contro
said contro
i nsul ati ng | ayer,

third insulating | ayer,

emtter 15

contr ol

| ayer;

bi as voltage t
anode | ayer, 4
sufficient to
emtter edge tle

Py calrl

el ectrode | ayer;
el ectrode | ayer, [
through said thin emt

el ectrode | ayer while
extending to said tog maj or

aid bi as vo
cause col d-
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rough

to said substrat} Eﬁug
aligned with said anode | ayer orm
(k) providing an opening t
through said . _ fourth
gﬁ/ | ayer, and through said
t hereby form ng Qﬂﬁtter edge of said thin
| ayer and a control el ectrode edge of said
provi di ng an openi ng
surface_of_said anode

— | N Sem——————r | —  op—  owm——————— - m—

(I) prqvi di ng nmeans for applying an el ectrical

| ayer and to said
eéage to be ap
ode em ss

anadao | Q\IDI" .

i ed belng 20
current of el ectrons fromsaid
(m providing neans

and

for applying a signa

voltage to said control electrode -

| ayer, said sig bei-rg—suifi-cient to control said current of
el ectrons. 2% 33. A ication nmetjhod as recited ﬁ aim 32, wherein
sai d second ccnductlve Iayef— di sposi ng step (é; i ses

) diSpOSi ng a l yet of plluopl o —t={rrre—f-or ™. Ng an anode with at

| east said top major surfad

34. A fabricatd
coqquctlve | ayer

e of said anode | ayer conprising phosphor.

recited inglaim32, wherein said third
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di sposing and patterning step (h) further conprises exten ?Zﬁﬁ/ﬁggﬁzggg

conductive | ayer over at |least a portion of said anode |a
A fabrication nmethod as recited in claim32, wherein said openlng provi di ng

step : (k) further conprises |eaving at |east a portion of said
third insulating | ayer covering at least a portion of said
anode | ayer. ' 36. A fabrication ne d as recited in claim 13,
wherei n said second conductive. | ayer posing step (e) conprises
controlling Eﬁ? di sposi.tion of said second conductive | ayer to forma
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{57} Abstract

A lateral field-emission device
(10) has a lateral emitter (100)
substantially parallel to a substrate (20)
and has a simplified anode stmcture
(70). The anode’s top surface is 100
precisely spaced apart from the plane of %0
the lateral emitter and receives electrons
emitted by field emission from the edge 80
of the lateral emitter cathode, when
a suitable bias voitage is applied. The P
40

device may be configured as a diode, or
as a triode, tetrode, etc. having control
electrodes (140) positioned to allow
control of current from the emitter to
the anode by an electrical signal applied
to the control electrode.
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