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(57) ABSTRACT 

A field emitter device consistent with certain embodiments 
has a Substantially planar conductor forming a gate elec 
trode. A conductive Stripe forms a cathode on the insulating 
layer. An insulating layer covers at least a portion of the 
Surface between the cathode and the gate. An anode is 
positioned above the cathode. An emitter Structure, for 
example of carbon nanotubes is disposed on a Surface of the 
cathodes closest to the anode. When an electric field is 
generated acroSS the insulating layer, the cathode/emitter 
Structure has a combination of work function and aspect 
ratio that causes electron emission from the emitter Structure 
toward the anode at a field Strength that is lower than that 
which causes emissions from other regions of the cathode. 
This abstract is not to be considered limiting, Since other 
embodiments may deviate from the features described in this 
abstract. 
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BACK-GATED FIELD EMISSION ELECTRON 
SOURCE 

CROSS REFERENCE TO RELATED 
DOCUMENTS 

0001. This application claims priority of U.S. provisional 
patent application Ser. No. 60/516,004 filed Oct. 31, 2003 to 
Mammana, et al. which is hereby incorporated herein by 
reference. Part of the Subject matter of this application was 
published by the inventors in the July/August 2004 J. Vac. 
Sci. Technol. A 22(4), American Vacuum Society, in a paper 
entitled “Field Emission Device with Back Gated Struc 
ture', which is also hereby incorporated herein by reference. 

BACKGROUND 

0002) The first field emission devices (FED's) employed 
Spindt-type or etched emitters as the Source for emitting 
electrons, in which a metal Such as molybdenum (Mo) or a 
Semiconductor material Such as Si is used to form micro-tips 
(tips) on cathode electrodes. The Strong electric field 
required to extract electrons from the micro-tips is provided 
by positively biased gate electrodes placed in close proX 
imity to these emitters. However, fabrication of Spindt-type 
or etched emitter arrays is a complex process, requiring from 
50 to 65 processing Steps. Manufacturing costs of Spindt 
type emitters are aggravated by the fact that very large 
evaporator throws are required for array fabrication as the 
Substrate size becomes larger, entailing the employment of 
expensive vacuum equipment. Moreover, due to the fact that 
the emitter materials exhibit relatively high work functions, 
high electric fields are necessary, So ion bombardment from 
residual ionized gas molecules will cause tip or gate erosion. 
Residual gas molecules may also be adsorbed by the emit 
ting Surfaces, impairing their work function, therefore reduc 
ing the emitted currents. Such working conditions increase 
the risk of Surface damage and unstable operation of the 
device. Damage to a single tip through events Such as arcs 
may render an array inoperable by producing a short circuit. 
0.003 FIG. 1a shows a sketch of a cross-section of a 
triode type field emission device based on tips where 1 
represents the Substrate that Supports the tips 2, which are 
centered in a cavity 3, the cavity being delimited by Vertical 
wall patterned in a dielectric 4, which receives a conducting 
film 5, normally referred as gate or grid. By applying a 
Voltage between the gate 5 and the tip 2, electrons are 
emitted toward an anode represented by 6.7.8, where 6 is a 
transparent glass, 7 is a conductive coating that collects the 
electrons and 8 is a phosphor layer that produces light when 
impacted by energetic electrons. FIG. 1a also shows a 
dielectric spacer 9 used to avoid the collapse of the device 
when vacuum is formed in the region 10 between the anode 
Structure and the emitting structure. 
0004 Carbon nanotubes have attracted considerable 
attention as a promising material for electron emitter devices 
because of their ability to expel electrons when a very Small 
negative potential is applied to it with respect to an anode. 
Since 1995, many experimental results have been published 
on field emission for multi-walled nanotubes, as well as for 
Single-walled nanotubes. 
0005 Carbon nanotubes possess several properties favor 
able for field emitters: they have a sharp tip and a large 
aspect ratio (greater than 100), good electrical conductivity, 
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high chemical Stability and high mechanical Strength, So that 
they are receiving much attention of research institutions 
that wish to employ them as the electron emission Sources 
for field emission devices. Besides the fact that the nanotube 
work-function is relatively high (close to 5 eV), the large 
aspect ratio of carbon nanotube geometry implies high 
electroStatic field enhancement factors at its tip, leading to 
improved field emission performance, and because of that, 
from a application point of View, this material is often 
referred as having low-effective-work-function. The manu 
facture of diode Structure field emission devices using 
carbon nanotubes is a Straightforward process. 

0006 Although diode structure field emission devices 
based on carbon nanotubes have been Successfully fabri 
cated, emitted current control is not easy in Such structures, 
because it demands high anode Voltage Switching. 

0007 Control is improved by using a triode structure, in 
which control elements are placed closer to the emitter 
Structure, thereby reducing the Voltage needed to achieve 
on-and-off Switching of electrons emission. One Such triode 
field emission device is shown in cross-section in FIG. 1b, 
reproduced from European patent application EP 1221710 
A2 (Chung et al.). The glass Substrate represented by 11 
receives a contact layer 12, and a myriad of cavities are 
formed in a way that each cavity presents horizontal 13 and 
Vertical dimensions 14 Substantially larger than the dimen 
sions of the tip cavity 3, the walls of the larger cavity (13 and 
14) being patterned in a thick film insulation layer 15, in 
which top an independent Set of control gate electrode layers 
17 are formed and insulated from each other by 16. Emitter 
elements 18 of carbon nanotube paste dots are placed a top 
the contact layer 12. Again, an anode Structure 19 is pro 
vided and vacuum is formed in the region 20 between 19 and 
the emitting Structure. 

0008. A significant problem inherent to this structure lies 
in the complexity of the manufacturing process, which 
requires a large number of processing Steps. Moreover, 
because the gate is positioned between the anode and the 
cathode, Some of the electrons emitted by the cathode are 
collected by the control gate, reducing the efficiency of the 
device as a Source of electrons. In addition, the exposure of 
the gate increases the probability of catastrophic failure due 
to discharge between electrodes. 

0009. To avoid these drawbacks a distinct arrangement of 
the triode elements has been proposed, in which the control 
electrodes are placed under the cathode, being Separated 
from the latter by a dielectric layer. One example of this 
So-called under-gate triode Structure is described in the 
paper “An under-gate triode Structure field emission display 
with carbon nanotube emitters”, Choy et al., Diamond and 
Related Materials 10 (2001) 1705-1708 or in the U.S. Pat. 
No. 6,420,726 B2. FIG. 2 shows the schematic diagram of 
the electron emitting Section of this Structure, which has a 
glass Substrate 21 with the gate electrodes 22 juxtaposed on 
the upper Surface of this Substrate, forming a plurality of 
parallel strips. An insulating layer 23 (e.g., polyimide) 
overlays the gate electrodes, with the cathode electrodes 24 
plated over the layer, crossing the gate electrodes. A paste of 
Single-walled carbon nanotubes is Screen-printed onto the 
cathode electrodes. Following heat treatment, a Surface 
rubbing treatment causes the carbon nanotubes 25 to pro 
trude from the Surface. Tests made with an anode plate (not 
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shown) positioned at a distance from the emitter assembly 
showed that triode mode emission occurred with a gate bias 
of +80V. 

0.010 FIG. 3 displays a cross-section of the emitter 
assembly described in the above mentioned paper, with 
triode mode electron emission brought about by a +80 volts 
gate bias. The emitted electron paths are shown in dashed 
lines, with equipotential field lines in continuous lines. It 
should be noted that the electron emission, illustrated by 
lines 26, is primarily from the edge of the cathode 24, which 
is undesirable. 

0.011 Among the limitations associated with this device 
is the fact that the polyimide insulating layer, like most 
organic materials, has a tendency toward outgassing. The 
use of an inorganic dielectric layer, on the other hand, 
increases processing complexity. Moreover, the fabrication 
of this layer adds Steps to the manufacturing process. Fur 
thermore, as shown in FIG. 3, the efficiency of this arrange 
ment is Seriously curtailed by the fact that electron emission 
occurs only along the cathode edges, due to the electric field 
Screening over the greater part of the cathode. Such current 
concentration places a limit to the total intensity of current 
that can be drawn without exceSS heating of the emitter 
material. Besides, the capacitance between the cathodes and 
the gate electrodes restricts the frequency response of the 
device. In addition, although another motivation for Choy et 
al. Seems to be the reduction of the gate current, in fact, this 
Structure ends up showing undesired dielectric charging, due 
to backward emitted electrons 27 as shown in FIG. 3, since 
the cathode geometry does not optimize the focusing of 
electrons toward the anode, as indicated by the authors 
themselves in Choy et al., “A simple Structure and fabrica 
tion of carbon-nanotube field emission display', (Applied 
Surface Science 221 (2004)370-374). After a certain opera 
tion time, this dielectric charging results on field Screening 
due to Spatial charge, which hinders the control of emitted 
current by the Selection of the gate Voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 Certain illustrative embodiments illustrating orga 
nization and method of operation, together with objects and 
advantages may be best understood by reference detailed 
description that follows taken in conjunction with the 
accompanying drawings in which: 
0013 FIG. 1, which is made up of FIGURE la and FIG. 
1b, is cross-section view Schematically illustrating the Struc 
ture of a triode field emission device. 

0.014 FIG. 2 is a perspective view schematically illus 
trating the Structure of a under-gate electron-emitting assem 
bly of a triode emission device. 
0015 FIG. 3 is a cross-section view of the assembly 
depicted in the FIG. 2, illustrating the Simulated equipoten 
tial line distribution and the paths of the emitted electrons 
with a bias Voltage applied to the gate electrodes. Some 
electrons can be directed toward the gate, instead of being 
directed toward the anode, which causes dielectric charging. 
0016 FIG. 4 is a perspective view schematically illus 
trating an exemplary first embodiment consistent with the 
invention. 

0017 FIG. 5 is a cross-section view illustrating a first 
preferred shape for the cathode cross-section according to 
certain embodiments consistent with the invention. 
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0018 FIG. 6 is a cross-section view of a second preferred 
cathode shape according to certain embodiments consistent 
with the invention. 

0019 FIG. 7 is a cross-section of a third preferred 
embodiment consistent with the invention. 

0020 FIG. 8 depicts a cross-section of a further exem 
plary embodiment consistent with the invention. 
0021 FIG. 9 shows an exemplary embodiment consis 
tent with the invention having a fish-bone array of cathodes 
fed by a central conductor. 
0022 FIG. 10, which is made up of FIGS. 10a, 10b, 10c, 
10d, 10e, 10f and 10g, illustrates one manufacturing process 
flow for the creation of the trapezoidal croSS-Section cath 
odes according to certain embodiments consistent with the 
invention. 

0023 FIG. 11 shows an alternative embodiment of the 
arrangement shown in FIG. 8. 
0024 FIG. 12 shows another alternative embodiment 
consistent with the invention. 

0025 FIG. 13 shows an embodiment consistent with the 
invention that allows Selective addressing of electron emit 
ting areas. 
0026 FIG. 14 shows another alternative embodiment of 
the arrangement shown in FIG. 8. 
0027 FIG. 15 shows another alternative embodiment of 
the arrangement shown in FIG. 8. 
0028 FIG. 16 shows another alternative embodiment of 
the arrangement shown in FIG. 8. 
0029 FIG. 17 shows an example of the use of the term 
"aspect ratio” in connection with a trapezoidal shaped 
cathode. 

0030 FIG. 18 shows an example of the use of the term 
"aspect ratio” in connection with an exemplary egg-shaped 
cathode. 

0031 FIG. 19 shows a simulation setup used to deter 
mine a location for placing emitter Structures on the crest of 
a cathode having a rectangular cross-section with rounded 
COCS. 

0032 FIG. 20 shows a graph of angle versus length of 
the cathode. 

DETAILED DESCRIPTION 

0033 While this invention is susceptible of embodiment 
in many different forms, there is shown in the drawings and 
will herein be described in detail specific embodiments, with 
the understanding that the present disclosure of Such 
embodiments is to be considered as an example of the 
principles and not intended to limit the invention to the 
Specific embodiments shown and described. In the descrip 
tion below, like reference numerals are used to describe the 
Same, Similar or corresponding parts in the Several views of 
the drawings. 

0034. The terms “a” or “an', as used herein, are defined 
as one or more than one. The term "plurality', as used 
herein, is defined as two or more than two. The term 
"another', as used herein, is defined as at least a Second or 
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more. The terms “including” and/or “having”, as used 
herein, are defined as comprising (i.e., open language). The 
term “coupled', as used herein, is defined as connected, 
although not necessarily directly, and not necessarily 
mechanically. 

0035. Without limitation, the present invention, in accor 
dance with certain embodiments thereof, relates to field 
emission devices. Certain embodiments are more particu 
larly related, to field emission devices having a Surface 
electron Source having low effective-work-function material 
and an electrode Structure of improved robustneSS featuring 
low power consumption due to lower gate Voltage and 
capacitance, as well as a simplified fabrication technique, 
Suitable for providing electron Sources for employment in 
applications requiring low and high currents, Such as, for 
example, Hall Effect thrusters or traveling-wave tubes, as 
well as other applications. However, the present invention 
should not be constrained to devices meeting each of these 
criteria. 

0036). In accordance with certain exemplary embodi 
ments-consistent with the present invention, an electron 
emitter assembly arrangement can be provided in which 
there is a more efficient use of the available cathode area. In 
certain embodiments, gate current can be avoided. In certain 
embodiments, the manufacturing proceSS can be Simplified 
by reducing the number of processing Steps. In certain 
embodiments, out-gassing problems can be avoided due to 
the use of inorganic insulators. In certain embodiments, the 
capacitance between the gates and the cathodes can also be 
reduced, as well as avoiding the relative process complexity 
usually associated with the deposition of inorganic insula 
tors. Certain embodiments provide an electric field that is 
Symmetric with respect to a vertical plane running along the 
central axis of the cathode. Certain embodiments may pro 
vide an emitter assembly arrangement in which triode-mode 
electron emission takes place at lower bias Voltage than in 
the current arrangements, while the ratio of electrons reach 
ing the anode with respect to the number of electrons 
reaching the dielectric is reduced. In yet other embodiments, 
dielectric charging can be decreased. 

0037. These improvements can be achieved in accor 
dance with certain embodiments in which an emitter assem 
bly arrangement has at least one gate electrode, a plurality 
of Substantially prismatic conducting cathodes placed in a 
parallel relation with the gate electrode and isolated from the 
latter by a dielectric layer, the cathodes having an aspect 
ratio close to one and different effective-work-function 
properties on the portion facing the gate and on the portion 
facing away from the gate, the width and height of the 
cathodes being comparable, i.e., the aspect ratio of the 
cathodes croSS-Section being close to one. The cross-section 
is preferably Substantially uniform along the length of the 
cathode Stripes. 

0.038. In accordance with certain embodiments consistent 
with the invention, the dielectric can be a solid dielectric 
layer, with the cathodes resting atop the Surface of the layer. 
In certain embodiments, the cathodes croSS-Section can be 
Substantially trapezoidal in shape. In certain embodiments, 
the portion of the cathodes facing the gate can be flat. 
Alternatively, the portions of the cathodes facing toward the 
gate can be Substantially cylindrical in Shape. Alternatively, 
the cathodes can be Substantially cylindrical in shape. Alter 
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natively, the cathodes can be inserted in trenches engraved 
in the dielectric Surface. Alternatively, the dielectric Surface 
conformably overlays the gate Surface, in a way that its 
croSS-Section presents trenches that are similar in shape to 
ones previously engraved in the gate. Alternatively, the 
cathodes can be Substantially half-round in Shape. 
0039. According to another feature of certain exemplary 
embodiments, the portion of the cathodes facing away from 
the gate can be coated with a Stripe of low-effective-work 
function material. Preferably, the gate electrode is made of 
a material that can form a stable oxide, Such as Silicon or 
aluminum (for example) and the dielectric layer between the 
cathodes and the gate being provided by the oxidation of the 
gate material. Many variations will occur to those skilled in 
the art upon consideration of the present teachings. 

0040. As shown in FIG. 4, a triode field emission device 
array according to certain embodiments consistent with the 
present invention includes an anode 34 and a field emission 
assembly. The field emission assembly has a gate 31 which 
incorporates a conducting plate, the Surface of which is 
overlaid by an electric insulating layer 32 (a dielectric layer). 
An array of parallel cathodes is arranged atop this dielectric 
layer 32, each cathode having a conductive (e.g., metal) 
stripe 33 which has a substantially uniform cross-section 
along its length, with a fillet of low effective-work-function 
material 35 overlaying the crest (i.e. the portion facing away 
from the gate and toward the anode) of the cathode. 
0041. The low effective-work-function material can 
encompass any material which is Smooth, rough or bristly, 
homogeneous or heterogeneous, amorphous or crystalline, 
whose Fowler-Nordheim curves provide slopes compatible 
with apparent work functions substantially smaller than 5 eV 
(for example, approximately 3 eV or less). Examples of 
materials with low actual work function are MoC, WC, TiC, 
LaB, ZrC, NbC, HfC to mention a few. While the term 
“work-function' is well defined in the art, the term “effective 
work-function” is often less precisely defined. In the context 
of this document, the effective work-function is a function of 
both actual work function, morphology of nanostructures 
and geometry, So that a structure having a geometry that 
causes a higher work function material to behave as if it is 
a lower work function material can be considered to have a 
lower effective work function. Low actual work-function 
materials, can also be considered to be low effective-work 
function materials. Similar, nanostructured carbon or nano 
Structured diamond-like carbon, can have combination of 
Sp- and Sp-nanostructural features that can provide mate 
rial with lower threshold field due to combination of several 
factors, including but not limited to the geometrical factors, 
electron Supply through sp-conducting channels and nega 
tive or low electron affinity of diamond-like nanostructures. 
Emitter devices that are historically used, such as Si and Mo, 
have work functions of approximately 4-5 eV. Carbon 
nanotubes have actual work functions of approximately 4.5 
eV (work function of bulk graphite), but because of their 
extremely large ratio of height to width (50 to 100 or more), 
based on the analysis Fowler-Nordheim curves they behave 
as if they have a low work function, and can thus be 
considered to be a low effective work function material. 
Another example includes carbon nanotubes coated with 
dielectrics (MgO) where improved field emission is due to 
Secondary electrons field emission. Low work-function 
materials, for purposes of this document are considered to be 
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materials with work-functions (actual or effective) below 
about 3-4 eV. Materials that may be considered to have a low 
effective work function include, but are not limited to carbon 
nanotubes, coated carbon nanotubes (by metals or insulators 
Such as MgO, for example), boron nitride nanotubes, Silicon 
nanotubes, Silicon carbide nanorods, diamond nanorods, 
carbon nanoflakes, carbon nanosheets and other porous 
interconnected grapheene morphologies, porous conducting 
nanostructures, nanostructured diamond-like carbon, carbon 
or metal (Au, Ag, Ni and others) nanowires, composites of 
polymer matrix with incorporated nanostructures (nanopar 
ticles or 1-dimensional nanostructures), hybrid structures, for 
example, of carbon nanotubes and nanodiamond or metal 
particles. The nanostructures can be also purposely doped 
(for example, B or N-doped diamond nanorods). Another 
example of effective low-work function material that can be 
implemented in the present invention can be a thin (up to a 
few hundreds of nanometers) coating formed by electro 
phoretic deposition of nanodiamond particles or a nanodia 
mond thin film grown by CVD over the cathode crest area. 
Thin films of other wide band-gap dielectrics grown over a 
crest of a cathode can be also used. One of the major 
mechanisms of improved field emission for a structure of a 
conductor coated with a thin film of a wide band-gap 
material can be low back contact barrier (less than 3-4 eV) 
for electron injection from conducting Substrate to a con 
duction band of wide band-gap material and typically nega 
tive or low positive (less than approximately 1 eV) electron 
affinity of wide band-gap materials. 
0042. In an exemplary embodiment consistent with the 
invention, the conducting plate is made of doped Silicon. The 
electric insulating layer is provided by oxidation of the 
Surface of the Silicon plate. In other embodiments, Alumi 
num could be used for the conducting plate and aluminum 
oxide could be used as the insulating layer. Other embodi 
ments can also be envisioned within the Scope of the present 
invention. The fillet is provided with a plurality of nanotubes 
35 forming a crest of emitter tips facing the anode. Other 
effective low work-function structures could also be used. 
Although the nanotubes may be deposited in the form of a 
carbon nanotube paste, in one of the embodiments of the 
invention the carbon nanotubes may also be grown employ 
ing a Chemical Vapor Deposition (CVD) technique or alter 
native vapor deposition technique, or any other Suitable 
deposition technique. 
0043. According to certain non-limiting exemplary 
embodiments, these cathode Stripes can have a prismatic 
shape, i.e., one in which the cross-section remains Substan 
tially uniform along its length. Several croSS-Section shapes 
can be used in the cathodes, either regular or irregular, as 
long as the height and width dimensions are comparable, the 
aspect ratio of the cross-section being close to 1 (e.g., 
preferably less than about 2 and, generally Speaking, leSS 
than 8-10) and the prism showing mirror type longitudinal 
Symmetry along a plane that is perpendicular to the plane 
implicitly defined by the gate 31. The prismatic cathodes 
may have all longitudinal faces Substantially flat, or may 
have their croSS-Section with one or more Sides rounded 
either convexedly nor concavely with a curvature radius 
being commensurate with the Size of the Sides. In general, 
according to certain embodiments, the cathode Structure can 
form a prismatic Structure and presenting a cross-section 
profile with a shape that can be represented by a closed 
CWC. 
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0044. By defining an hypothetical straight line which is 
parallel to the gate, and using the term “line-gate distance' 
to refer to the distance between the Straight line and the gate, 
the closed curve of certain embodiments can be character 
ized by the fact that there is an open range of line-gate 
distances (as defined in Mathematical Analysis), the open 
range being limited by lower and upper extreme points 
which are not part of the range. The open range of line-gate 
distances in certain embodiments can be characterized as 
follows (although other arrangements may be possible 
within the present teachings): 

0045 (i) within the range there are neither more nor 
less than two interSections between the Straight line 
and the closed curve; 

0046 (ii) within the range the distance between the 
interSections, which is represented by a Segment of 
Straight line parallel to the gate and perpendicular to 
the line-gate distance, monotonically decreases as 
the line-gate distance increases, 

0047 (iii) as the line-gate distance increases toward 
the top limit of the open range, the distance between 
the interSection points either Vanishes or tend to a 
finite positive number, defining between the inter 
Section points a region called crest, and 

0048 (iv) the number of intersections between the 
Straight line and the closed curve is Zero for line-gate 
distances greater than the top limit of the open range 
of line-gate distances. 

0049 Other structures that fall within the operational 
constraints described herein may also be used in certain 
embodiments consistent with the present invention, So this 
Set of geometric criteria should not be considered to be an 
exhaustive definition. 

0050. In accordance with certain non-limiting embodi 
ments, the cathode can also be characterized by the fact that 
the portion around the crest, which faces away from the gate 
electrode (toward the anode), is overlaid with a low effective 
work-function material Such as carbon nanoflakes or carbon 
nanotubes, in a way that the low effective work-function 
material form a Stripe with Substantially constant width, 
around the crest, this width being deliberately smaller than 
the width of the cathode stripe. 
0051 AS stated above, the aspect ratio of the cross 
section should be close to 1. For certain preferred embodi 
ments consistent with the present invention, aspect ratioS 
that are less than about 2 can be considered to be close to 1. 
In fact, certain aspect ratios that are less than 1, perhaps as 
low as approximately 72 for certain shapes, are also quite 
acceptable and are considered to be close to 1 for purposes 
of this document. Additionally, aspect ratioS that are leSS 
than about 72 (producing a needle-like structure) may also be 
possible when the proper geometry and material is utilized 
to combat undesirable effects. In other embodiments, aspect 
rations less than about 8-10 can be considered close to 1. 
This is in contrast with known devices in which the aspect 
ratio is approximately 15-20 or even greater, often resulting 
in a failure of Such structures to produce Significant electron 
emissions in locations other than the edges. When the 
emissions are restricted to the edge of the cathode adjacent 
the dielectric, high probability exists for the electron emis 
Sion to flow back toward the gate. The term aspect ratio can 
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generally be defined as the aspect ratio (width/height) of a 
rectangle that encloses the cathode structure (with or without 
the emitter Structure, Since the emitter Structure is generally 
insignificant in height compared with the cathode metal). 
The term “aspect ratio' will be illustrated and explained in 
greater detail later. 
0.052 By reference to the cross-section of the cathode, it 
is noted that in this example the mechanical momentum 
provided to an electron expelled from the crest of the 
cathode and close to the cathode Surface should point toward 
the anode, in a way that after an initial acceleration toward 
the anode is provided, any change in the field direction 
toward the gate will not be Sufficient to change the electron 
trajectory toward the gate. This is, generally Speaking, a 
desirable condition, and under ideal circumstances, no elec 
trons would travel toward the gate. Certain embodiments 
consistent with the present invention are capable of 
approaching this ideal, perhaps emitting no more than about 
1% or less of the emission toward the gate. In order to 
attempt to approach or guarantee Such condition, the region 
that is coated with the low effective-work-function material 
should preferably be restricted to an area at or near the crest 
of the cathode (closest to the anode structure). Additionally, 
the cross-sectional aspect ratio of the cathode is kept below 
approximately 10 (preferably below 2, and most preferably 
approximately 1), and the overall geometry of the cathode 
and emitter Structure should preferably result in the cathode 
emitter Structure having a low effective work-function. 
0.053 Thus, in accordance with certain embodiments 
consistent with the present invention, a field emitter device 
has a Substantially planar conducting material forming a gate 
electrode layer having a first Surface. A conductive Stripe 
forms a cathode on the insulating layer, the conductive Stripe 
having a cross-sectional maximum width W parallel with the 
gate and a cross-sectional maximum height H, with an 
aspect ratio defined by W/H. An electric insulating layer 
covers at least a portion of the first Surface between the 
cathode and the gate electrode. At least one conductive 
anode is positioned above the cathode to collect electrons. 
An emitter Structure is disposed on a Surface of the cathodes 
closest to the anode to form a cathode/emitter Structure. 
When an electric field is generated acroSS the insulating 
layer, the cathode/emitter Structure has a combination of 
work function and aspect ratio that causes electron emission 
from the emitter structure toward the anode at a field 
Strength that is lower than that which causes emissions from 
other regions of the cathode. Substantially all electron 
emissions occur between the emitter Structure and the anode, 
and Substantially no electron emissions occur from the 
cathode toward the gate. 
0.054 Another field emitter device has a substantially 
planar conducting material forming a gate electrode. An 
electric insulating layer is juxtaposed to the gate electrode. 
A plurality of parallel conductive Stripes form cathodes, with 
the insulating layer being between the gate and the anode. 
The cathodes are positioned in a Substantially parallel rela 
tion with the gate electrode, the cathodes each having a 
croSS-Section taken normal to the length, wherein a croSS 
Sectional width, divided by a cross-sectional height of the 
cathodes is less than approximately 10, the cross-section 
being Substantially uniform along the length of the cathode 
Stripes. At least one conductive anode is positioned above 
and in a parallel relation to the cathode Stripes, where the 
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electrons are collected. The anode has its width approxi 
mately the same or larger than the width of the cathode 
Stripes. A Strip of low effective work-function material is 
disposed along a crest of the cathodes facing the anode. 
0055 FIGS. 5-8 show non-limiting examples of cross 
Section shapes that can be used in the cathodes, in order to 
achieve low current of electrons back toward the gate, and 
achieve a low effective work-function. Many other shapes 
are also possible. FIG. 5 shows a cathode 36 juxtaposed on 
the dielectric layer 32, having a Substantially trapezoidal 
cross-section (with rounded corners in this example) with its 
upper side covered with nanotubes 37 or other suitable 
electron emitters. 

0056. In FIG. 6, the cathode cross-section 37 has a 
substantially semi-circular shape, with the nanotubes 38 
lying on its upper Surface. 

0057 The cathode cross-section 39 shown in FIG. 7 has 
a Substantially circular shape, with the nanotubes 41 lying 
along its crest, and is partially inlaid in a trench engraved on 
surface of the dielectric layer 32. 
0058 Many other cathode arrangements are also pos 
sible. When the cathode and emitters are positioned above a 
metalized cathode on the surface of layer 32, the better 
emission patterns are generally achieved when the croSS 
Section of the cathode metal rises to an apex or crest above 
the dielectric layer, with the apex having a Smaller dimen 
Sion than the base of the cathode geometry. Additionally, 
Sharp edged transitions with the dielectric layer are also best 
avoided where possible. The particular shape can vary 
Substantially using any variety of lines or curved profiles 
that lead from the apex to the Surface of the dielectric layer 
32. The aspect ratio of this croSS Section is considered to be 
measured as the aspect ratio of a rectangle that fully encloses 
the cathode's cross-sectional shape, as will be discussed. It 
is noted that these guidelines are not to be considered 
absolutely rigid, Since manufacturability should also be 
factored into any practical design. 

0059 FIG. 8 shows another exemplary embodiment in 
which a double-trench arrangement is used. In this embodi 
ment, the dielectric 32' is provided with a folded region 
which occupies a larger trench 45 engraved or otherwise 
provided in the gate material 31'. The cathode 42 of this 
example has a Substantially Semi-circular shape which is 
wholly inserted within the inner trench. Its upper Surface, 
which is overlaid with nanotubes 43, lies substantially in the 
Same plane 44 of the dielectric layer outer face. This cathode 
Structure features a higher electric field at the region where 
the low effective-work-function material is positioned and 
provides good focusing of the emitted electrons. 

0060. Due to the limited cross-section cathode area, the 
electron emission uniformity may be impaired by the Volt 
age drop along the cathode length. To circumvent this 
problem, a fish-bone arrangement may be employed, Such as 
shown in schematic form in FIG. 9. In this drawing, the 
cathodes 51 stem from a main conductor 52 which has a 
comparatively large cross-section, So that the cathodes are 
fed with substantially equal voltages. It should be under 
stood that this arrangement is not limited to the trapezoidal 
croSS-Section cathodes shown in the drawing, and can be 
used with cathodes having any other cross-sections, Such as 
the ones depicted in FIGS. 6-8 and others, but is not limited 
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to these. A further advantage of this arrangement is the fact 
that the larger croSS-Section of the main conductor 52 
facilitates the provision of a contact to an external power 
Supply ground. 

0061. In accordance with certain embodiments consistent 
with the present invention, a further advantage may often be 
achieved in the device manufacturing process. In accordance 
with certain embodiments, the manufacturing process may 
be significantly simplified over the previous techniques. 
Some of the Steps of an example process flow are shown in 
schematic form in FIG. 10. This process begins with a wafer 
of silicon 61, shown in FIG. 10a which is oxidized to form 
a dielectric layer 62 as depicted in FIG. 10b. This layer 62 
is further coated with resist 63 (e.g., a photoresist) by any 
process as shown in FIG. 10c. Next, channels 64 are 
patterned in the resist 63"; as shown in FIG. 10d, this 
patterning operation is performed in any way that results in 
Some undercutting 65 of the resist layer, producing channels 
that are preferably wider at the bottom. When the metal layer 
66 is deposited over the patterned resist 63' by any process 
that does not coat the vertical walls, the cathode stripes 67 
that are formed at the bottom of the channels have a 
Substantially trapezoidal croSS-Section, as shown in FIG. 
10e. As depicted in FIG. 10f the removal of the upper 
metallic layer as well as of the resist leaves the trapezoidal 
cathode Stripes 67 atop the dielectric layer in a process that 
is known as lift-off. FIG. 10g illustrates a final processing 
action of overlaying the top face of the cathode with low 
effective-work-function material 68 Such as carbon nano 
tubes. AS pointed out previously, this material may be 
carbon nanotubes grown in Situ (for example using chemical 
vapor deposition (CVD)), a nanotube composition Such as a 
paste containing nanotubes and a binder, or any other 
Substance having the desired properties. 
0062) Thus, a field emitter device fabrication process 
consistent with certain embodiments involves providing a 
conducting material plate gate electrode, providing a dielec 
tric layer over the Surface of the gate electrode; coating the 
dielectric layer with photo-resist, patterning the resist with a 
plurality of channels, the bottom of the channels exposing 
the Surface of the dielectric layer, depositing a conducting 
layer covering the patterned resist Surface as well as the 
exposed surface of the dielectric layer at the bottom of the 
channels, lifting-off the resist leaving the conductive Stripes 
deposited on the dielectric layer Surface forming the cath 
odes, and overlaying the crest of the cathodes with a low 
effective-work-function material. 

0.063. In certain embodiments, the conducting material 
comprises a material that presents a stable oxide and the 
dielectric layer is provided by oxidizing a Surface of the 
conducting material that can form a stable oxide. For 
example, the conducting material can be a doped Silicon 
wafer and the dielectric layer can be provided by thermally 
oxidizing the Surface of the wafer. The conducting material 
can also be an Aluminum plate and the dielectric layer can 
be provided by growing a layer of Aluminum oxide by 
anodizing. In certain other embodiments, the dielectric layer 
is provided by depositing a stable oxide. Other embodiments 
can further involve depositing a catalyst layer over the 
conducting layer and growing a layer of carbon nanotubes 
in-Situ over the catalyst layer using chemical vapor deposi 
tion. The process can further involve forming a conductive 
diffusion barrier between the catalyst and the cathode Sur 
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face. Another embodiment can involve the electrophoretic 
deposition of nanomaterials. Such as nanotubes or nanodia 
mond Such that the electroStatic field lines result in nano 
material deposition on the cathode or alternatively a lift-off 
process involving photoresist is used to restrict the deposi 
tion of the nanomaterial to the crest of the cathode and any 
exceSS nanomaterial is removed during the lift-off Step. 

0064. In certain embodiments, a field emitter device 
fabrication process involves providing a conducting material 
plate gate electrode, producing a plurality of trenches in a 
Surface of the plate with a plurality of trenches, providing a 
dielectric layer over the Surface of the plate; providing 
conducting cathodes at least partly inlaid within the 
trenches, and overlaying a crest of the cathodes with a low 
effective-work-function material. The low effective-work 
function material can be carbon nanotubes. 

0065. In certain embodiments, a field emitter device 
fabrication proceSS involves providing an insulating Sub 
Strate; producing a plurality of trenches in a Surface of the 
insulating Substrate; providing a first conducting layer over 
laying the Substrate and conforming with its Surface, form 
ing at least one gate electrode; providing a dielectric layer 
overlaying the first conducting layer and conforming with 
the conducting layer forming trenches Substantially concen 
tric with the trenches engraved on the Surface of the Sub 
Strate; providing a plurality of cathode Stripes cathode 
stripes formed at least partly within the trenches, the width 
and height of the cross-section of the cathodes being com 
parable; and Overlaying the portion of the cathodes facing 
away from the gate electrode (crest of the cathode) with a 
strip of low effective-work-function material. 

0.066 FIG. 11 shows an alternative embodiment of the 
arrangement shown in FIG. 8, in which there is provided a 
patterned Substrate 71 of insulating material Such as glass or 
ceramic, in whose Surface at least one first trench 72 has 
been provided by any Suitable technique. The gate is pro 
vided by conductive layer 73 overlaying the Substrate 71 and 
conforming to its Surface. A dielectric layer 74 conformal to 
the conductive layer 73 forms a second trench 75. The 
Second trench is Substantially concentric with the first 
trench. Into this Second trench is formed a conducting 
cathode 76, whose top surface 78 is provided with a stripe 
of low effective-work-function material 77. The top surface 
78 may be convex or flat as shown in FIG. 11, the cathode 
top Surface being aligned with the top Surface 44 of the 
dielectric layer, as depicted in the drawing. In a preferred 
embodiment, as shown in FIG. 12, the cathode top surface 
78' lies below the surface 44 of the dielectric layer, being 
substantially aligned with the top 79 of the undergate 
conductive layer 73. In a further preferred embodiment, the 
low effective-work-function material comprises carbon 
nanotubes which may be applied as a paste or grown in-Situ 
by means of CVD techniques. However, the invention is not 
limited to carbon nanotubes, Since any other low effective 
work-function material may be employed in stripe 77. 

0067. While the arrangements shown in FIG. 11 or FIG. 
12 illustrate a continuous undergate 73, certain embodi 
ments consistent with the invention allow Selective address 
ing of individual electron emitting areas. To achieve this 
addressing, the conductive layer is fashioned as a plurality 
of gate electrodes in the form of parallel Stripes arranged at 
an angle in relation to the cathodes. When in operation, these 
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Stripes are individually biased while the cathodes are indi 
vidually connected to the power Supply ground, the electron 
emission occurring at the Selected Spots placed at the croSS 
ing each Selected gate electrode and each Selected cathode. 
0068 To lessen the possibility of dielectric breakdown 
between the cathodes and the undergate, the electric field at 
the rear region of the cathodes can be reduced by eliminating 
the conductive layer from the sides and bottom of the 
trenches. FIG. 13 shows an arrangement which reduces the 
chance of Such accidental dielectric breakdown. In this 
drawing, the insulating Substrate is provided with a first 
plurality of trenches 75. A second plurality of conducting 
strips 82 is juxtaposed to the substrate's face 81, in a 
discontinuous pattern in which the portions 83 of the inner 
walls 72 of the trenches are free of the gate conducting 
material layer. The element 86 is the conductive cathode 
strip while 87 is the low effective-work-function material 
which coats the crest of the cathodes 86. As shown, each 
cathode strip 86 is separated by gate strips 82, 82,82" that 
overlay only the flat portion of the face, being interrupted at 
the edges 84 of the trenches. Each independent gate strip 82 
is buried under the dielectric 85, and can have its Voltage Set 
Simultaneously to all other Strips, or independently. 

0069. The invention is not restricted to the type of trench 
profile showed in FIG. 8, but could present many other 
profiles. For example, any cross-section that has mirror-type 
longitudinal Symmetry with respect to a Straight line that is 
perpendicular to the plane implicitly defined by the gate 
plate. This definition includes a trench engraved on the 
dielectric that presents a Squared profile as shown in FIG. 
14, where 31' indicates the gate plate, 32' indicates the 
insulating layer, 42 indicates the metal layer and 43 indicates 
the low effective-work-function material. FIG. 14 presents 
a trench engraved on the insulating layer that has its depth 
larger than its width. This configuration has, as an advan 
tage, the reduction of the electrostatic field at the Side that is 
opposite to the exposed side of cathode, implying a reduced 
chance of dielectric breakdown. The set of FIGS. 14-16 
show other possible embodiments which also follow the 
spirit of current invention. FIG. 14 shows a configuration 
where the top surface of the low-effective-work-function 
material 43 is positioned above the level of the opening 88 
of the trench engraved on the gate plate 31". FIG. 15 shows 
a configuration where this top Surface of the low-effective 
work-function material 43 is at the same level 88 of the 
opening of the trench, while FIG. 16 shows a configuration 
where the top surface of the low-effective-work-function 
material 43 is below the level 88 of the opening of the 
trench. This relative position allows control of the focusing 
of the emitted electrons, where this focusing increases from 
FIG. 14 to FIG. 16, while the gate voltage decreases. 
0070 Thus, in accordance with certain embodiments, a 
field emitter device has a Substantially planar insulating 
plate, constituting a Self-standing Substrate. A plurality of 
trenches are formed on a Surface of the insulating plate, the 
trenches presenting a mirror type longitudinal Symmetry 
along a plane that is perpendicular to the insulating plate. A 
first conducting layer overlays a Surface of the insulating 
plate that contains the trenches and conforms with the 
Surface, forming at least one gate electrode. A dielectric 
layer is juxtaposed to the first conducting layer and in 
conformation with the conducting layer, forming trenches 
that present mirror type longitudinal Symmetry along a plane 
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that coincides to the Symmetry plane of the trenches present 
in the insulating plate. A plurality of cathode Stripes are 
formed within the trenches formed on the dielectric layer, a 
width and a height of a cross-section of the cathodes having 
an aspect ratio that is less that approximately 10. A crest 
portion of the cathodes faces away from the gate electrode 
being at least partially overlaid with a strip of low effective 
work-function material. At least one conductive anode is 
positioned in a parallel relation to the insulating plate, where 
the electrons are collected, the anode having its width 
approximately equal to or larger than the width of the 
cathode Stripes. 

0071 FIG. 17 shows an example of the use of the term 
"aspect ratio” in connection with a trapezoidal shaped 
cathode. In this example, the aspect ratio of the trapezoidal 
shaped cathode 92 is determined by the rectangle 93 that 
encloses the cathode. The aspect ratio is given by W/H. In 
this example, carbon nanotube emitters are shown greatly 
exaggerated in proportion as having length L. The aspect 
ratio is essentially the Same whether the length L is included 
in H or not, Since the length L of the nanotubes is much 
smaller than the height -H of the of the trapezoid 92. 

0072 FIG. 18 shows an example of the use of the term 
"aspect ratio” in connection with an egg shaped cathode. In 
this example, the aspect ratio of the egg-shaped cathode 95 
is again determined by the rectangle 96 that encloses the 
cathode. The aspect ratio is given by W/H. In this example 
too, carbon nanotube emitters are shown greatly exaggerated 
in proportion as having length L. Again, the aspect ratio is 
essentially the same whether the length L is included in H or 
not, Since the length Lof the nanotubes is much Smaller than 
the height -H of the egg-shaped cathode 95. 

0073 While the preceding examples show cathodes hav 
ing their upper Surfaces overlaid with nanotubes, it should be 
understood that these are exemplary embodiments of the 
invention, which can also encompass any low effective 
work-function material. In accordance with certain embodi 
ments consistent with the present invention, an effective 
work-function contrast is provided along the perimeter of 
the cathode cross-sections. AS shown in the preceding fig 
ures, many of the embodiments shown guarantee that the 
portion of the cathodes which face away from the gate have 
a substantially lower effective-work-function than the 
remainder of the Surface, while other embodiments guaran 
tee that the Surface that is closer to the gate is in contact with 
the dielectric layer, avoiding any emission at all. Conse 
quently, notwithstanding the fact that the electric field is 
Stronger in the portion of the cathodes facing toward the 
gate, electron emission occurs from the crest of the cathodes, 
due to the above mentioned effective-work-function contrast 
or presence of the insulating layer. 

0074 The efficiency of this electron emission process is 
dependent upon the cathode dimensions, preferably of the 
order of a few micrometers, as well as the dielectric layer 
thickness. Small cathode cross-section reduces the gate 
cathode capacitance resulting in an improved high-fre 
quency response of the device, which is desirable for certain 
applications. Moreover, electron emission can be achieved 
with a lower gate Voltage than in other arrangements, 
resulting in leSS electrons being attracted backwards toward 
the gate and therefore leSS charging of the dielectric, while 
the focusing of the electron beam can be greatly improved. 
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0075 TABLE 1 below depicts field strength (V/um) 
above a crest of a cathode at 50V applied to a back gate and 
1V?um macroscopic field created by an anode. The gate 
cathode distance is 0.5 tim, the dielectric constant of the 
dielectric between the gate and cathode lines is 4; inter 
cathode lines distance is equal 1.5 width of lines, lines 
height is 0.5 lum. The trapezoidal profile has 80 degrees 
angles between the trapezium basis and the Sides; L is the 
length of the bottom (largest) side of the trapezium or a 
diameter of a Semicircular profile, correspondingly. 

TABLE 1. 

L., um/cathode profile Field strength (VFum) 

0.8/semicircle 44 
0.8/trapezium 13 
2.2/trapezium 11.4 
3.2/trapezium 8.5 

0076) From TABLE 1 it is clear that a semicircular profile 
provides much higher local fields at the crest in comparison 
with trapezoidal profile. Among trapezoidal profiles (which 
is practical and readily manufacturable profile) the profile 
with Smaller aspect ratio has higher local field above the 
crest, thus resulting in better field emission (lower Voltage at 
the gate will be required to initiate emission from an 
emitting Structure placed at the crest; Similar, maximum 
currents can be achieved at lower gate Voltage). 
0077 Referring now to FIG. 19, a simulation setup is 
shown in which a 0.5 um thick rectangular cathode 102 
having rounded edges is shown in cross-section atop a 1 
micron thick silicon dioxide insulator 104. Insulator 104 is 
deposited upon an anode or gate structure 108 for the 
simulation. The gate is simulated at 40V of bias with respect 
to the cathode. The objective of this simulation is to deter 
mine where the emitting Structures can be placed in order to 
avoid emission toward the gate, thus defining an appropriate 
“crest' for this particular geometry under this Set of test 
conditions. This simulation is based upon calculated elec 
tron trajectories for the rounded edge of the cathode Struc 
ture. By defining an angle 0, the minimum value of the angle 
can be determined Such that the electrons are theoretically 
entirely emitted toward the anode and not back toward the 
gate. FIG. 20 shows the results of this simulation for varying 
values of L and angle 0. AS can be seen from the graph, the 
angle 0 can be Smaller as the length L is decreased without 
causing emissions toward the gate. This demonstrates the 
Significance of the Smaller cathode aspect ratio than that 
which has been previously used. For example, if the length 
of the cathode is 10 and the height is 0.5 lum, the angle 0 is 
approximately 50 compared to about 22 for an aspect ratio 
of 1.0. Thus, at an aspect ratio of 1.0, any angle greater than 
about 22 will assure that virtually all electrons will be 
emitted toward the anode. Of course, those skilled in the art 
will appreciate that other geometries used under different 
circumstances will exhibit different results. 

0078. The performance of the suggested cathode geom 
etries in ensuring essential emission of electrons from emit 
ting Structure toward anode, rather than to a back gate, was 
demonstrated by theoretical calculations of electron trajec 
tories in a paper by Mammana et al. (APPLIED PHYSICS 
LETTERS 85 (5): 834-836 Aug. 2, 2004). When a cathode 
was represented by a cylinder, the electrons do not reach the 
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gate if the emission Sites are within a range of angle0 
between -45 and +45, even if no anode field is present. 
Angle 0 in this context restricts an arc on a cylinder Surface 
where emitting material can be placed. If a cathode has a 
rectangular profile, all electrons emitted from the cathode 
edge reach the gate in the absence of an anode field. In 
another paper by Mammana et al. (JOURNAL OF 
VACUUM SCIENCE & TECHNOLOGY A 22 (4): 1455 
1460 July-August 2004), field distribution along a surface of 
cathodes with different profiles (circular and rectangular 
with different aspect ratios) had been calculated and regions 
for placement of the emitting Structures were defined. 
0079 Thus, in accordance with certain embodiments 
consistent with the present invention, an electron emitter 
assembly arrangement can be provided in which there is a 
more efficient use of the available cathode area. In certain 
embodiments, gate current can be avoided. In certain 
embodiments, the manufacturing process can be simplified 
by reducing the number of processing Steps. In certain 
embodiments, outgassing problems can be avoided due to 
the use of organic insulators. In certain embodiments, the 
capacitance between the gates and the cathodes can also be 
reduced, as well as avoiding the relative proceSS complexity 
usually associated with the deposition of inorganic insula 
tors. Certain embodiments provide an electric field that is 
Symmetric with respect to a vertical plane running along the 
central axis of the cathode. Certain embodiments may pro 
vide an emitter assembly arrangement in which triode-mode 
electron emission takes place at lower bias voltage than in 
the current arrangements, while the ratio of electrons reach 
ing the anode with respect to the number of electrons 
reaching the dielectric is reduced. In yet other embodiments, 
dielectric charging can be decreased. 
0080. These improvements can be achieved in accor 
dance with certain embodiments in which an emitter assem 
bly arrangement has at least one gate electrode, a plurality 
of Substantially prismatic conducting cathodes placed in a 
parallel relation with the gate electrode and isolated from the 
latter by a dielectric layer, the cathodes having an aspect 
ratio close to one and different effective-work-function 
properties on the portion facing the gate and on the portion 
facing away from the gate, the width and height of the 
cathodes being comparable, i.e., the aspect ratio of the 
cathodes cross-section being close to one, the cross-section 
being Substantially uniform along the length of the cathode 
Stripes. 
0081. In accordance with certain embodiments consistent 
with the invention, the dielectric can be a solid dielectric 
layer, with the cathodes resting atop the Surface of the layer. 
In certain embodiments, the cathodes croSS-Section can be 
Substantially trapezoidal in shape. In certain embodiments, 
the portion of the cathodes facing the gate can be flat. 
Alternatively, the portions of the cathodes facing toward the 
gate can be Substantially cylindrical in Shape. Alternatively, 
the cathodes can be Substantially cylindrical in shape. Alter 
natively, the cathodes can be inserted in trenches engraved 
in the dielectric Surface. Alternatively, the dielectric Surface 
conformably overlays the gate Surface, in a way that its 
croSS-Section presents trenches that are similar in shape to 
ones previously engraved in the gate. Alternatively, the 
cathodes can be Substantially half-round in Shape. 
0082) According to another feature of certain embodi 
ments, the portion of the cathodes facing away from the gate 
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can be coated with a stripe of low-effective-work-function 
material. Preferably, the gate electrode is made of a material 
that presents a stable oxide, Such as Silicon or aluminum (for 
example) and the dielectric layer between the cathodes and 
the gate being provided by the oxidation of the gate material. 
0.083. Many modifications and other embodiments of the 
invention will come to the mind of one skilled in the art 
having the benefit of the teachings presented in the forego 
ing descriptions and the associated drawings. 
0084. One such modification involves not limiting the 
gate plate material to doped Silicon, but employing any 
material which has a stable oxide, which would be produced 
on the plate's Surface by any known process. For instance, 
the gate plate may be made of Aluminum, in which case the 
grown insulating layer would be made of anodized Alumi 
num oxide. 

0085. Furthermore, the invention is not limited to the 
insulating layer being an oxide of the gate plate material. 
The insulating layer may be applied by deposition over the 
gate plate of a different insulating material altogether. 
0.086 Therefore, it is to be understood that the invention 
is not to be limited to the Specific embodiments disclosed, 
and that modifications and further embodiments are intended 
to be included within the Scope of the appended claims. 
While certain illustrative embodiments have been described, 
it is evident that many alternatives, modifications, permu 
tations and variations will become apparent to those skilled 
in the art in light of the foregoing description. 

What is claimed is: 
1. A field emitter device comprising: 
a Substantially planar conducting material forming a gate 

electrode, 
an electric insulating layer juxtaposed to Said gate elec 

trode, 
a plurality of parallel conductive Stripes having length and 

forming cathodes, wherein the insulating layer is 
between said gate and Said cathode, 

wherein Said cathodes are positioned in a Substantially 
parallel relation with Said gate electrode, the cathodes 
each having a cross-section taken normal to Said length; 

wherein a cross-sectional width, divided by a croSS 
Sectional height of Said cathodes is less than approxi 
mately 10, Said cross-section being Substantially uni 
form along the length of the cathode Stripes, 

at least one conductive anode, positioned above and in a 
parallel relation to the cathode Stripes, where the elec 
trons are collected, Said anode having its width 
approximately the same or larger than the width of the 
cathode Stripes, and 

a Strip of low effective work-function material disposed 
along a crest of the cathodes facing Said anode. 

2. A field emitter device as claimed in claim 1, wherein the 
Substantially planar conducting material forming the gate 
comprises a conductor or doped Semiconductor material 
which has a stable oxide. 

3. A field emitter device as claimed in claim 2, wherein the 
electric insulating layer comprises an oxide of Said gate 
material. 
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4. Afield emitter device as claimed in claim 3, wherein the 
Substantially planar conducting material forming the gate 
comprises one of doped Silicon and Aluminum, and wherein 
the electric insulating layer correspondingly comprises one 
of thermally grown Silicon Oxide and anodized Aluminum 
oxide. 

5. A field emitter device as claimed in claim 1, wherein 
Said cathode Stripes are Substantially prismatic with any 
number of longitudinal faces joined at edges, with a croSS 
Section aspect ratio that is less than approximately 2, Said 
prismatic cathode Stripes presenting all longitudinal faces 
substantially flat. 

6. A field emitter device as claimed in claim 5, wherein at 
least a portion of the edges of Said prismatic cathode Stripes 
are rounded. 

7. A field emitter device as claimed in claim 5, wherein at 
least one of the faces of Said prismatic cathode is rounded. 

8. A field emitter device as claimed in claim 1, wherein 
Said low effective-work-function material comprises carbon 
nanotubes placed along a Strip on regions around Said crest 
of the conductive cathodes. 

9. A field emitter device as claimed in claim 1, wherein 
said strip of low effective-work-function material is not 
continuous. 

10. A field emitter device as claimed in claim 1, wherein 
Said Substantially planar conducting material that forms the 
gate electrode overlays an insulating Substrate. 

11. A field emitter device as claimed in claim 10, wherein 
the Substantially planar conducting material that forms the 
gate comprises a thin metallic film coating a flat glass. 

12. A field emitter device as claimed in claim 1, wherein 
the electric insulating layer juxtaposed to the gate contains 
trenches at a Surface on the cathode Side of the insulating 
layer. 

13. A field emitter device as claimed in claim 12, wherein 
Said cathode Stripes are at least partially formed within Said 
trenches. 

14. A field emitter device comprising: 
a Substantially planar conducting plate forming a gate 

electrode, 
an electric insulating layer juxtaposed to one side of Said 

conducting plate; and 

a plurality of parallel conductive Stripes forming cathodes 
placed over Said insulating layer in a way that this 
insulating layer avoids the flow of electrical current 
between the gate and the cathodes; 

at least one conductive anode positioned in a parallel 
relation to the gate plate, Said anode for collecting 
electrons and having its width approximately the same 
or larger than the width of the cathode Stripes, 

wherein one side of the Substantially planar conducting 
plate forming the gate contains trenches, Said trenches 
having a mirror type longitudinal Symmetry plane 
which is perpendicular to the plane defined by the gate 
plate; 

the electric insulating layer being juxtaposed to the Side of 
the gate plate where the trenches are present, Such that 
the insulating layer presents trenches which are Sub 
Stantially conformal with the trenches present in the 
gate Surface; and 



US 2005/0116214 A1 

wherein the conductive cathode Stripes are formed within 
the trenches formed in the insulating layer, Said cathode 
Stripes presenting an exposed side that faces away from 
the conductive gate, and 

Said exposed sides of the cathode Stripes being at least 
partially covered with a low-effective-work-function 
layer. 

15. A field emitter device as in claim 14, wherein elec 
trical potentials can be applied to gate, cathode and anode 
independently by lateral contacts. 

16. A field emitter device as claimed in claim 14, wherein 
the exposed Sides of the conductive cathode Stripes are at 
approximately a level of a top opening of the trench present 
on the gate material. 

17. A field emitter device as claimed in claim 14, wherein 
the exposed sides of the conductive cathode Stripes are 
above the level of a top opening of the trench present on the 
gate conductive material. 

18. A field emitter device as claimed in claim 14, wherein 
the exposed sides of the conductive cathode Stripes are 
below the level of a top opening of the trench present on the 
gate conductive material. 

19. A field emitter device as claimed in claim 14, wherein 
the trenches formed on the gate plate present a width that is 
Smaller than a depth. 

20. A field emitter device as claimed in claim 14, wherein 
the gate comprises a metal and the insulating layer juxta 
posed to the trenches comprises a dielectric material. 

21. A field emitter device as claimed in claim 14, wherein 
the Substantially planar conducting material forming the gate 
with trenches comprises a conductor or a doped Semicon 
ductor material which has a Stable oxide. 

22. A field emitter device as claimed in claim 21, wherein 
the insulating layer juxtaposed to Said conducting material is 
formed by the oxidation of the gate conducting material, in 
order to form a conformal insulating and Stable oxide layer. 

23. A field emitter device as claimed in claim 21, wherein 
the Substantially planar conducting material forming the gate 
with trenches comprises one of Aluminum and doped Sili 
con, and wherein Said dielectric layer correspondingly com 
prises one of Aluminum Oxide and Silicon Oxide. 

24. A field emitter device comprising: 
a Substantially planar insulating plate, constituting a Self 

Standing Substrate; 
a plurality of trenches on a Surface of Said insulating plate, 

Said trenches presenting a mirror type longitudinal 
Symmetry along a plane that is perpendicular to the 
insulating plate; 

a first conducting layer that overlays a Surface of Said 
insulating plate that contains the trenches and conforms 
with the Surface, forming at least one gate electrode, 

a dielectric layer juxtaposed to Said first conducting layer 
and in conformation with Said conducting layer, form 
ing trenches that present mirror type longitudinal Sym 
metry along a plane that coincides to the Symmetry 
plane of the trenches present in the insulating plate; 

a plurality of cathode Stripes formed within the trenches 
formed on Said dielectric layer, a width and a height of 
a cross-section of Said cathodes having an aspect ratio 
that is less that approximately 10, and 
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a crest portion of Said cathodes facing away from the gate 
electrode being at least partially overlaid with a Strip of 
low effective-work-function material; and 

at least one conductive anode positioned in a parallel 
relation to the insulating plate, where the electrons are 
collected, said anode having its width approximately 
equal to or larger than the width of the cathode Stripes. 

25. A field emitter device as claimed in claim 24, wherein 
potentials can be applied to the gate, cathode and anode and 
can be set independently using lateral contacts. 

26. A field emitter device as claimed in claim 24, wherein 
Said trenches in the insulating plate present its width Smaller 
than its depth. 

27. A field emitter device as claimed in claim 24, wherein 
inner walls of the trenches are free of Said first conducting 
layer. 

28. A field emitter device as claimed in claim 24, wherein 
Said first conducting layer is fashioned as a plurality of 
parallel Strips arranged at an angle in relation to the trenches 
engraved on the Surface of Said Substrate, Such that Said 
dielectric layer is in direct contact with the Substantially 
planar insulating Substrate in places where the conducting 
parallel Strips are not present. 

29. A field emitter device as claimed in claim 24, wherein 
Said first conducting layer comprises a metal. 

30. A field emitter device as claimed in claim 24, wherein 
Said insulating layer comprises a dielectric material. 

31. A field emitter device fabrication process, comprising: 
providing a conducting material plate gate electrode, 

providing a dielectric layer over the Surface of Said gate 
electrode, 

coating Said dielectric layer with photo-resist; 

patterning Said resist with a plurality of channels, the 
bottom of Said channels exposing the Surface of Said 
dielectric layer; 

depositing a conducting layer covering the patterned resist 
Surface as well as the exposed Surface of the dielectric 
layer at the bottom of Said channels, 

lifting-off the resist leaving the conductive Stripes depos 
ited on the dielectric layer Surface forming the cath 
Odes; and 

overlaying the crest of Said cathodes with a low effective 
work-function material. 

32. A field emitter device fabrication process according to 
claim 31, wherein Said conducting material comprises a 
material that can form a stable oxide. 

33. A field emitter device fabrication process according to 
claim 32, wherein the dielectric layer is provided by oxi 
dizing a Surface of Said conducting material that can form a 
stable oxide. 

34. A field emitter device fabrication process according to 
claim 33, wherein Said conducting material comprises a 
doped Silicon wafer and Said dielectric layer is provided by 
thermally oxidizing the Surface of Said wafer. 

35. A field emitter device fabrication process according to 
claim 33, wherein Said conducting material comprises an 
Aluminum plate and Said dielectric layer is provided by 
growing a layer of Aluminum oxide by anodizing. 
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36. A field emitter device fabrication process according to 
claim 31, wherein said dielectric layer is provided by 
depositing a stable oxide. 

37. A field emitter device fabrication process according to 
claim 31, further comprising: 

depositing a catalyst layer over the conducting layer prior 
to lift-off of the resist; and 

growing a layer of carbon nanotubes in-situ over Said 
catalyst layer using chemical vapor deposition. 

38. A field emitter device fabrication process according to 
claim 37, further comprising forming a conductive diffusion 
barrier between the catalyst and the cathode Surface. 

39. A field emitter device fabrication process comprising: 
providing a conducting material plate gate electrode, 

producing a plurality of trenches in a Surface of Said plate 
with a plurality of trenches, 

providing a dielectric layer over the Surface of Said plate; 
providing conducting cathodes at least partly inlaid within 

Said trenches, and 

Overlaying a crest of Said cathodes with a low effective 
work-function material. 

40. A field emitter device fabrication process according to 
claim 39, wherein the low effective-work-function material 
comprises at least one of, MoC, WC, TiC, LaB, ZrC, NbC, 
HfC carbon nanotubes coated with dielectrics (MgO), car 
bon nanotubes, coated carbon nanotubes, boron nitride 
nanotubes, Silicon nanotubes, Silicon carbide nanorods, dia 
mond nanorods, carbon nanoflakes, carbon nanosheets, 
porous interconnected grapheene morphologies, porous con 
ducting nanostructures, nanostructured diamond-like car 
bon, carbon, metal, Au, Ag or Ni nanowires, composites 
having a polymer matrix with incorporated nanostructures, 
hybrid structures of carbon nanotubes and nanodiamond or 
metal particles, doped nanostructures, a coating formed by 
electrophoretic deposition of nanodiamond particles or a 
nanodiamond thin film grown by CVD over the cathode 
crest area, and, thin films of wide band-gap dielectrics. 

41. A field emitter device fabrication process according to 
claim 39, wherein Said conducting material comprises a 
doped Silicon wafer and Said dielectric layer is provided by 
thermally oxidizing the Surface of Said wafer. 

42. A field emitter device fabrication process according to 
claim 39, wherein Said conducting material comprises an 
Aluminum plate and Said dielectric layer is provided by 
growing a layer of Aluminum oxide by anodizing. 

43. A field emitter device fabrication process, comprising: 

providing an insulating Substrate; 

producing a plurality of trenches in a Surface of Said 
insulating Substrate; 

providing a first conducting layer overlaying Said Sub 
Strate and conforming with its Surface, forming at least 
one gate electrode, 

providing a dielectric layer overlaying Said first conduct 
ing layer and conforming with Said conducting layer 
forming trenches Substantially concentric with the 
trenches engraved on the Surface of Said Substrate; 
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providing a plurality of cathode Stripes cathode Stripes 
formed at least partly within said trenches, the width 
and height of the cross-section of Said cathodes being 
comparable; and 

overlaying the portion of Said cathodes facing away from 
the gate electrode (crest of the cathode) with a strip of 
low effective-work-function material. 

44. A field emitter device fabrication process according to 
claim 43, wherein the low effective-work-function material 
comprises at least one of, MoC, WC, TiC, LaB, ZrC, NbC, 
HfC carbon nanotubes coated with dielectrics (MgO), car 
bon nanotubes, coated carbon nanotubes, boron nitride 
nanotubes, Silicon nanotubes, Silicon carbide nanorods, dia 
mond nanorods, carbon nanoflakes, carbon nanosheets, 
porous interconnected grapheene morphologies, porous con 
ducting nanostructures, nanostructured diamond-like car 
bon; carbon, metal, Au, Ag or Ni nanowires, composites 
having a polymer matrix with incorporated nanostructures, 
hybrid structures of carbon nanotubes and nanodiamond or 
metal particles, doped nanostructures, a coating formed by 
electrophoretic deposition of nanodiamond particles or a 
nanodiamond thin film grown by CVD over the cathode 
crest area, and, thin films of wide band-gap dielectrics. 

45. A field emitter device fabricated according to claim 
43, wherein Said cathodes are fed from a larger conductor 
forming a fish-bone arrangement. 

46. A field emitter device, comprising: 
a Substantially planar conducting material forming a gate 

electrode layer having a first Surface; 
an electric insulating layer covering at least a portion of 

Said first Surface of Said gate electrode, 
a conductive Stripe forming a cathode on Said insulating 

layer, Said conductive Stripe having a cross-sectional 
maximum width W parallel with Said gate and a croSS 
Sectional maximum height H, with an aspect ratio 
defined by WH; 

at least one conductive anode, positioned above Said 
cathode, which collects electrons, 

an emitter Structure disposed on a Surface of Said cathodes 
closest to Said anode to form a cathode/emitter Struc 
ture, 

wherein when an electric field is generated across the 
insulating layer, Said cathode/emitter Structure has a 
combination of work function and aspect ratio that 
causes electron emission from the emitter Structure 
toward the anode at a field Strength that is lower than 
that which causes emissions from other regions of the 
cathode; and 

wherein Substantially all electron emissions occur 
between Said emitter Structure and Said anode, and 
Substantially no electron emissions occur from the 
cathode toward the gate. 

47. The field emitter device according to claim 46, 
wherein the aspect ratio is less than approximately 10. 

48. The field emitter device according to claim 46, 
wherein the aspect ratio is less than approximately 2. 

49. The field emitter device according to claim 46, 
wherein the cathode/emitter structure has an effective work 
function of less than approximately 3 eV. 



US 2005/0116214 A1 

50. The field emitter device according to claim 46, 
wherein emitter comprises a low effective work function 
material. 

51. A field emitter device fabrication process according to 
claim 46, wherein the low effective-work-function material 
comprises at least one of, MoC, WC, TiC, LaB, ZrC, NbC, 
HfC carbon nanotubes coated with dielectrics (MgO), car 
bon nanotubes, coated carbon nanotubes, boron nitride 
nanotubes, Silicon nanotubes, Silicon carbide nanorods, dia 
mond nanorods, carbon nanoflakes, carbon nanosheets, 
porous interconnected grapheene morphologies, porous con 
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ducting nanostructures, nanostructured diamond-like car 
bon; carbon, metal, Au, Ag or Ni nanowires, composites 
having a polymer matrix with incorporated nanostructures, 
hybrid structures of carbon nanotubes and nanodiamond or 
metal particles, doped nanostructures, a coating formed by 
electrophoretic deposition of nanodiamond particles or a 
nanodiamond thin film grown by CVD over the cathode 
crest area, and, thin films of wide band-gap dielectrics. 


