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TUNNELING EMITTER WITH NANOHOLE 
OPENINGS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation in part of com 
monly assigned US. patent application Ser. No. 09/846,127, 
?led Apr. 30, 2001, Which is hereby incorporated by refer 
ence. 

BACKGROUND 

[0002] Several different electron emission devices have 
been proposed and implemented to create electron emissions 
useful for displays or other electronic devices such as 
storage devices. Traditionally, vacuum devices With thermi 
onic emission such as electron tubes required the heating of 
cathode surfaces to create the electron emission. The elec 
trons are draWn in a vacuum space to an anode structure that 

is at a predetermined voltage potential to attract the elec 
trons. For a display device such as a cathode ray tube, the 
anode structure is coated With phosphors such that When an 
electron impinges on the phosphor, photons are generated to 
create a visible image. Cold cathode devices such as spindt 
tips (pointed tips), Which use electric ?eld emission, have 
been used to replace the hot cathode technology. HoWever, 
it has been dif?cult to reduce the siZe and integrate several 
spindt tips While maintaining reliability. As the siZe is 
reduced, the spindt tip becomes more susceptible to damage 
from contaminants in the near vacuum space that are ioniZed 
When an electron strikes them. The ioniZed contaminants are 
then attracted to the spindt tip and collide With it, thereby 
causing damage. To increase the life of the spindt tip, the 
vacuum space must have an increasingly higher vacuum 
(that is, remove the contaminants). A ?at emitter having a 
larger emission surface than spindt tip emitters can be 
operated reliably at loWer vacuum requirements. HoWever, 
for some applications, the amount of current density from 
conventional ?at emitters is not high enough to be useful. 
Thus a need exists to create a ?at emitter that has high 
current density that is also able to operate reliably in loW 
vacuum environments. 

SUMMARY 

[0003] An emitter has an electron supply and a porous 
cathode layer having nanohole openings. The emitter also 
has a tunneling layer disposed betWeen the electron supply 
and the cathode layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0004] The invention is better understood With reference 
to the folloWing draWings. The elements of the draWings are 
not necessarily to scale relative to each other. Rather, 
emphasis has instead been placed upon clearly illustrating 
the invention. Furthermore, like reference numerals desig 
nate corresponding similar parts through the several vieWs. 

[0005] FIG. 1 is an exemplary illustration of a tunneling 
emitter embodiment of the invention. 

[0006] FIG. 2 is an exemplary illustration of the use of the 
tunneling emitter of FIG. 1 to create a focused electron 
beam. 
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[0007] FIG. 3 is an exemplary perspective vieW of a 
tunneling emitter With a cathode layer that includes nano 
hole openings in one embodiment of the invention. 

[0008] FIG. 4 is an exemplary block diagram of an 
embodiment of an integrated circuit that incorporates mul 
tiple tunneling emitters and control circuitry. 

[0009] FIG. 5 is an exemplary embodiment of a tunneling 
emitter on an integrated circuit that includes a lens for 
focusing the energy emissions from the tunneling emitter. 

[0010] FIG. 6 is an exemplary display embodiment that is 
created from an integrated circuit that includes multiple 
tunneling emitters and an anode structure that creates pho 
tons. 

[0011] FIG. 7 is an exemplary embodiment of a storage 
device that incorporates an integrated circuit that includes 
multiple tunneling emitters for reading and recording infor 
mation onto a reWriteable media. 

[0012] FIG. 8 is a top vieW of an exemplary embodiment 
of a tunneling emitter With nanohole openings. 

[0013] FIG. 9 is an exemplary cross-sectional vieW of the 
tunneling emitter shoWn in FIG. 8. 

[0014] FIG. 10 is an exemplary block diagram of a 
computer that incorporates at least one electronic device, a 
display or storage device, Which incorporate the tunneling 
emitters embodiments of the invention. 

[0015] FIGS. 11A-11M are illustrations of exemplary 
steps used in an exemplary process to create the tunneling 
emitter embodiments of the invention. 

[0016] FIGS. 12A and 12B are charts of exemplary 
annealing processes used to optionally improve the tunnel 
ing emitter embodiments of the invention. 

[0017] FIG. 13 is an exemplary graph shoWing a change 
in tunneling resistance due to the annealing process. 

[0018] FIG. 14 is an exemplary graph of a cathode layer 
having an opening that is non-nano siZed and its correspond 
ing electric ?eld across the surface of the emitter. 

[0019] FIG. 15 is an exemplary graph of a cathode layer 
having nanohole-siZed openings and its corresponding elec 
tric ?eld across the surface of the emitter. 

[0020] FIG. 16A is a photo of an SEM bloWup of the 
surface of a platinum cathode layer Which has been annealed 
in an oxygen only environment. 

[0021] FIG. 16B is a photo of an SEM bloWup of the 
surface of a platinum cathode layer Which has been annealed 
in a nitrogen only environment. 

[0022] FIG. 16C is a photo of an SEM bloWup of the 
surface of a gold cathode layer Which has been subjected to 
an annealing process. 

DETAILED DESCRIPTION 

[0023] The present invention is directed to tunneling emis 
sion emitters that provide high levels of emission current per 
square centimeter by using a tunneling layer that has a 
suf?cient thinness of less than about 500 Angstroms to create 
a high electric ?eld betWeen an electron source and a ?at 
cathode surface. Conventional ?at emitter type devices have 



US 2005/0110001 A9 

loW emission current per square centimeter of surface area 
(i.e. less than 0.001 mA/cm2) and thus are not usable in 
several applications that currently use spindt tip emitters. 
The invention uses a thin deposition of a high ?eld strength 
dielectric such as a metal cluster dielectric (i.e. TiOX) With 
a thickness of less than 500 Angstroms, such as betWeen 50 
and 250 Angstroms and for instance, around about 100 
Angstroms, to create a barrier in Which electrons can tunnel 
betWeen the electron source and the cathode surface. By 
using such a material, the emission current can be greater 
than 10 mAmps, 100 mAmps, or even more than 1 Amp per 
square centimeter Which is one, tWo, or almost three orders 
of magnitude, respectively, greater than that of conventional 
?at emitter technology. Empirical testing of actually pro 
duced emitters have had current densities even high such as 
about 7 Amps/cm2 or more. The actual emission rate Will 
depend upon the design choices of the type and thickness of 
material used for the tunneling layer (for instance, metal 
cluster dielectrics, silicon oXides such as rapid thermal 
process groWn silicon oXides, silicon oXynitrides, polysili 
con, silicon nitride, and silicon carbide to name just a feW). 

[0024] The increased electron emission is made possible 
by the use of a porous cathode layer, Which has nanohole 
siZed openings. By having these nanohole-siZed openings in 
the cathode layer, electrons, Which normally tunnel Without 
sufficient energy to escape through the cathode layer, are 
alloWed to escape through the openings. With such nano 
hole-siZed openings, the electric ?eld remains high and 
substantially uniform even across the surface of the emitter. 
There is even an increase in the electric ?eld due to the edge 
effect of the nano opening that helps to create a higher 
electric ?eld in the proximity of the opening. One method of 
creating the nanohole-siZed openings is to subject the emit 
ter to an annealing process. For a platinum cathode layer 
preferably the annealing occurs in a nitrogen-containing 
environment. With a gold cathode layer, it is possible to 
create the nanohole opening by very carefully controlling 
the thickness of the deposited layer, although annealing the 
gold cathode layer can also further increase the nanohole 
openings. During an annealing process to create nanohole 
openings, the cathode layer changes its morphology as the 
openings are created. The nanohole openings formed pro 
vide for emission sites uniformly across the surface of the 
emitter on average, although the annealing process may 
randomly create variable spacing and siZe of the nanoholes. 

[0025] The nanoholes provide additional bene?ts in addi 
tion to the increased emission current density. The nanoholes 
help prevent early breakdoWn damage of the cathode thin 
metal layer due to non uniformity of the electric ?eld due to 
surface defects in the deposited thin ?lm materials. While 
not meant to be limiting, this prevention of early breakdoWn 
damage is believed due to the nanoholes preventing stress 
build-up due to the ability of the nanoholes to alloW elec 
trons to eXit the cathode layer. The nanoholes also reduce 
emission spiking by alloWing electrons With different 
momentums to escape through the openings. These bene?ts 
result in longer life, higher reliability, and more predictable 
operation over emitters that do not have nanohole-siZed 
openings. The nanoholes may have different shapes and still 
be effective. The nanoholes may be circular, crack-like 
(having a small Width and a longer length), ?ssures, voids, 
serpentine structures, or openings betWeen interconnected 
islands of cathode materials. The nanohole-siZed openings 
are preferably siZed in terms of Width (the smallest dimen 
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sion), length (the largest dimension) or diameter (if roughly 
circular, the average opening dimension). Preferably the 
nanoholes have absolute dimensions of less than about 500 
nanometers such as betWeen about 1 and about 400 nanom 
eters, and preferably betWeen about 1 to about 10 nanom 
eters for the narroWest (Width) dimension and about 10 to 
about 100 nanometers for a length dimension such as With 
cracks or ?ssures. The distribution of the nanoholes is 
preferably uniform across the surface of the emitting surface 
(at least on average) and spaced suf?ciently so that the 
cathode layer maintains a contiguous electrical connection 
over the surface of the emitter. Therefore the cathode layer 
may be discontinuous (in that there are openings) but 
contiguous (in that it maintains electrical interconnection 
across its surface) in its morphology. The nanoholes can be 
either of a uniform siZe or randomly distributed in siZe. The 
spacing of the nanoholes may be either uniformly or ran 
domly spaced but on average should be distributed uni 
formly (at least on average) across the surface of the 
emission surface to prevent localiZed concentration of emis 
sions that may damage the emitter. 

[0026] An additional bene?t of the annealing process is 
that the tunneling resistance of the tunnel layer is reduced by 
at least a factor of 2 and preferably more. Also, the annealing 
process decreases the contact resistance of the thin-?lm 
interfaces. This decrease in tunneling and contact resistance 
alloWs for more electrons to tunnel across the barrier for a 
given voltage across the emitter. This tunneling resistance 
along With the nanohole openings result in an electron 
tunneling emitter having an emission ef?ciency of greater 
than 1% such as up to about 7% When a ballast layer is used. 

[0027] Further advantages and features of the invention 
Will become more apparent in the folloWing description of 
the invention, its method of making and various applications 
of use. 

[0028] In the illustrations of this description, various parts 
of the emitter elements have not been draWn to scale. Certain 
dimensions have been exaggerated in relation to other 
dimensions in order to provide a clearer illustration and 
understanding of the present invention. For the purposes of 
illustration, the embodiments illustrated herein are shoWn in 
tWo-dimensional vieWs With various regions having depth 
and Width. It should be understood that these region are 
illustrations only of a portion of a single cell of a device, 
Which may include a plurality of such cells arranged in a 
three-dimensional structure. Accordingly, these regions Will 
have three dimensions, including length, Width, and depth 
When fabricated on an actual device. 

[0029] Further, one aspect of the invention is that it can be 
fabricated using conventional integrated circuit thin-?lm 
technologies. By using conventional technologies, the emit 
ters of the invention can be incorporated onto conventional 
integrated circuits further increasing their applicability to 
several applications. Several different technologies and 
equipment eXist to perform several of the process steps and 
can be interchanged by those having skill in the art. For 
eXample, unless speci?cally called out, deposition of mate 
rial can be by one of several processes such as evaporation, 
sputtering, chemical vapor deposition, molecular beam epi 
taXy, photochemical vapor deposition, loW temperature pho 
tochemical vapor deposition, and plasma deposition, to 
name a feW. Additionally, several different etch technologies 
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exist such as Wet etching, dry etching, ion beam etching, 
reactive ion etching, and plasma etching such as barrel 
plasma etching and planar plasma etching to name some of 
the possible etching technologies. Choice of actual tech 
nologies used Will depend on material used and cost criteria 
among other factors. 

[0030] FIG. 1 is an exemplary diagram of an emitter 
device 50, a ?at emitter for electron emission, Which 
includes an electron source 10. On the electron source 10 is 
disposed an optional, but preferable ballast layer 21 and a 
tunneling layer 20. Optionally the ballast layer 21 and the 
tunneling layer 20 may be combined into a single layer. One 
example of a ballast layer is granular amorphous polysilicon 
that has an asymmetric sheet resistance With the least 
resistance in the direction of the thickness of the material 
(orthogonal to the plane of the layer). Several different 
materials and processes for creating ballast layers exist such 
as described in commonly assigned US. patent application 
Ser. No. 10/066158, ?led Jan. 31, 2002 and entitled “EMIT 
TER AND METHOD OF MAKING,” Which is incorporated 
herein by reference. The purpose of the ballast layer 21 is to 
provide for uniform emissions over the surface of the emitter 
by balancing the voltage applied across the tunneling layer 
20. Preferably, the tunneling layer 20 is formed from a high 
dielectric strength dielectric material such as a metal cluster 
dielectric. Some examples of metal cluster dielectrics 
include tungsten silicon nitrate (WSiN) or tantalum oxide 
(TaOX), titanium oxide (TiOX, Where x=0.5 to 2.5). Also, 
tantalum aluminum oxynitride (TaAlOXNy), tantalum alu 
minum oxide (TaAlOX), aluminum oxynitride (AlOXNy) or 
other transitionary metal (TM) oxides or oxynitrides 
((TM)Ox or (TM)OXNy) are envisioned as being capable of 
use as tunneling layer 20. Other suitable tunneling layers 
include silicon oxides such as rapid thermal process groWn 
silicon oxides, silicon nitride, silicon oxynitrides, and silicon 
carbide, to name a feW. Other dielectrics exist and are knoWn 
to those of skill in the art such as granular amorphous 
polysilicon, crystalline polysilicon, porous polysilicon and 
nanoformed polysilicon structures. The tunneling layer pref 
erably has a thickness less than 500 Angstroms and more 
preferably the thickness is Within the range of about 50 to 
about 250 Angstroms, such as about 100 Angstroms. The 
chosen thickness determines the electrical ?eld strength that 
the tunneling layer must be able to Withstand and affects the 
desired emitter emission current. Disposed on the tunneling 
layer 20 is a cathode layer 14, preferably a thin-?lm con 
ductor such as platinum, gold, molybdenum, iridium, ruthe 
nium, tantalum, chromium, or other refractive metals or 
alloys thereof. Preferably, the thickness of the cathode layer 
is 30 to 150 Angstroms With about 50 to about 100 Ang 
stroms more preferable. The cathode layer preferably has 
nanohole openings 22 on the order of about 1 to about 400 
nanometers in length, Width or diameter openings, and more 
preferably Within the range of about 1 to about 10 nanom 
eters for narroWest (Width) and diameter openings and about 
10 to about 100 nanometers in length such as for cracks and 
?ssures. Preferably, the narroWest Width or diameter nano 
hole opening 22 is less than 10% of the thickness of the 
tunneling layer 20. These nanohole openings 22 help create 
electron emission sites. 

[0031] When a voltage source 24 having an emitter volt 
age VD (about 3-30V depending on the emitter design) is 
applied to the cathode layer 14 and electron supply 10 via a 
contact 12, electrons tunnel from the substrate 10 (an 
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electron supply) to the cathode layer 14. Because of the 
nanohole-siZed openings 22 Within the tunneling layer 20, 
the electric ?eld in Which the electrons tunnel through is 
very strong and substantially uniform over the surface of the 
emitter alloWing for the electron emission 16 from the 
surface of the cathode layer 14 to be greater than With 
conventional designs. The nanohole openings 22 alloW the 
electrons that tunnel through the tunneling layer to exit from 
the emitter Without colliding into the cathode layer material 
and thereby preventing a loss of momentum that Would keep 
the electrons from escaping the surface of cathode layer 14. 

[0032] The electron ?eld is calculated for various thick 
nesses as 

VD A 

E : 

[thickness 

[0033] Where tthickness is the thickness of tunneling layer 
20. For example, for a VD=10V, the electric ?eld is equal to 
107 volts/meter for a 100 Angstrom thickness in the tunnel 
ing layer. The electric ?eld strength Will be affected mini 
mally by the nanohole openings 22 as described in FIGS. 14 
and 15 beloW. 

[0034] Preferably, the tunneling layer 20 is uniformly 
deposited such as by sputtering. For example, When using 
metal cluster dielectrics as the tunneling layer, very high 
electric ?eld strength can be applied betWeen the electron 
source 10 and the cathode layer 14 to achieve higher 
emission, because the metal cluster dielectrics Withstand 
much higher electrical ?eld strength Without electrical 
breakdoWn than other dielectrics. HoWever, other dielectrics 
may be able to provide more uniform deposition thicknesses 
or have less stress Within the thin-?lm layer. Actual design 
choice of the dielectric Will depend on the application and 
the desired emission current density. The examples 
described Within this speci?cation are for reference only in 
shoWing the applicability of the invention to practical elec 
tronic devices and are not meant to limit the scope of the 
invention, Which is de?ned by the claims and their equiva 
lents. 

[0035] FIG. 2 is an exemplary diagram of a use for the 
emitter 50 of FIG. 1. In this application, the electron 
emission 16 is focused by an electrostatic focusing device or 
lens 28, exempli?ed as an aperture in a conductor that is set 
at predetermined voltage that can be adjusted to change the 
focusing effect of the lens 28. Those skilled in the art Will 
appreciate that lens 28 can be made from more than one 
conductor layer to create a desired focusing effect. The 
electron emission 16 is focused by lens 28 into a focused 
beam 32 onto an anode structure 30. The anode structure 30 
is set at an anode voltage V A 26 Which magnitude varies for 
an application or test environment depending on the 
intended use and the distance from the anode structure 30 to 
the emitter 50. For instance, With anode structure 30 being 
a recordable medium for a storage device, VA might be 
chosen to be betWeen 500 and 1000 Volts. The lens 28 
focuses the electron emission 16 by forming an electric ?eld 
34 Within its aperture. By being set at a proper voltage from 
VD, the electrons emitted from the nanohole openings 22 of 
the emitter 50 are directed to the center of the aperture and 
then further attracted to the anode structure 30 to form the 
focused beam 32. 
















