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Abstract

Lithographic microfabrication techniques have been applied to
the development of cathodes. In this paper, we limit the discus-
sion of microfabricated cathodes to gated field-emitter arrays,
ferroelectric and microminiature therm-ionic vacuum cathodes.
These cathodes have made significant advancements in the last
few years. They share in common the potentia of being tem-
porally and spatially modulated at high frequencies by low volt-
ages with low input power requirements. These properties not
only provide opportunitiesto improve rf power sources and ac-
celerators, but a so provide opportunitiesto make new commer-
cia products.

|. INTRODUCTION

Various lithographically fabricated cathodes are emerging
with potentially exciting characteristics for rf power sources
and accelerator applications. In this paper, we will discuss
three cathodes produced by microfabrication methods: gated
field-emitter arrays (FEAS), ferroelectrics and microminiature
thermionic vacuum (MTV) cathodes. The emission mechanism
for each of these devices is different. Significant advancements
have been made in these cathodes in thelast few years, and each
cathode hasits own advantages, disadvantages and applications
for which they are best suited. These cathodes aso have the
potentia for major commercial applications. Vast opportunities
still exist for additional research in thisarea

These microelectronic cathodes share some common poten-
tial properties. In some cases, future development is required to
reach these potentials. (i) The emission from these cathodes may
be temporally and spatially modulated. (ii) The modulation fre-
guency may be high. (iii) The voltagesthat are required to drive
the modulation may be less than 100 V. (iv) The power that is
required to drive the modul ation may be low.

Il. GATED FIELD-EMITTER ARRAY S

Gated FEASs have been under development for amost thirty
years. They are based on the principle of field-emission, in
which electrons tunnel through a surface potentia barrier re-
duced by the application of high (3-6x 10° V/m) électric fields at
the solid-vacuum interface. A sche-matic of the field-emission
mode! isshown in Fig. 1. Field-emission was first derived by
Fowler and Nordheim,! who found the relation

I o E?exp(—b/F), (1)

where I istheemission current, £ istheeectric field on the sur-
face and b isrelated to thework function of thematerial. Current
from field-emission has sharp turn-on and a sharp rise.
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Figure1. Schematic of field-emission.

For field emission devices to be practical, the emission hasto
be controlled by modest gate voltages. Thiscan beaccomplished
by utilizing field enhancement at sharp cornersand pointsand by
placing the extracting electrode close to the emission site. This
was first achieved by C. A. Spindt at SRI in the late 1960s by
applying microfabrication technol ogy, including thin-film depo-
sition, photolithography, electron lithography, and wet and dry
etching processes.? Using these techniques, Spindt fabricated an
array of nearly-identical molybdenum (M o) coneson silicon (Si)
substrates. The grid or gate electrode is insulated from the sub-
strate by silicon dioxide (S O;), as shown in Fig. 2. Recently,
Spindt? fabricated FEAswith gate opening diameters as small as
0.3 um, with tip-to-tip separation of 0.5 um. These tips emitted
on average 3 p/A per tip at agate voltage of 45 V.

A wide variety of field-emitter arrays have been devel oped.
The most common emitter shapes are cones, wedges, edges and
cones on columns. The most often used emitter materials are
metals (Mo or W), semiconductors (Si and GaAs), diamond,
single-crystal tungsten fibers formed by eutectic composites and
graphite. Three examples will be given below.

At MIT/Lincoln Laboratory, the holographic method* was
used to pattern gate openings as smal as 0.16 pm in diameter
with atip-to-tip separation of 0.32 um. The emitter isformed by
vapor deposition similar to the Spindt approach. They measured
on average 1 pA per tip at a gate voltage around 30-35 V.

MCNC has been developing siliconfield emittersin the shape
of cones on columns,® see Fig. 3. Emitter heights from 0.5
pmto 10 pmwith approximately 1 m gate diameter have been
demonstrated. The thick insulator decreases the capacitance be-
tween the gate and the substrate. Average currents as high as 30
1A per tip were measured at a gate voltage of 85 V.

At Varian, single crystal GaAs edge emitters with an air-
bridge have been fabricated (Fig. 4). Among its many good
qualities such as an emitter material,” single crystal GaAs can
provide more uniform edge emission and does not require ultra
high vacuum. Varian hasfabricate structureswith emitter to gate
distances of 0.3-0.4 um. The air-bridge can be used to guide the
electrons away from the gate (if anode voltage is low) and can
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Figure 2. Schematic of Spindt cathode.
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Figure 3. Schematic of MCNC silicon cones on column field-
emitters.

protect the emitter edge from back-ion bombardment.

Someof the propertiesof FEAsthat encouraged their devel op-
ment through out theyears are: (i) The electron emission can be
turned on with low gate voltages, and (ii) the emitters can be x-y
addressed. These propertiesare appropriatefor the devel opment
of flat-panel displays. Coupled with the potential visua quality
of aCRT, low power consumption and low cogt, thefield-emitter
display isemerging as a serious contender in the large market of
flat-panel displays.” Many field-emitter display demonstration
models have now been devel oped throughout the world.

Thefirst successful microwave experiment utilizing
FEAs was in a gyrotron oscillator built by M. Garven for her
Ph.D. thesis, completedin 1994.% She designed thegun such that
the FEAS are shielded from back-ion bombardment. The elec-
tron beam was accel erated up to 40 keV with beam power up to
1 kW. The FEA lifetimes approached 100 hours. She measured
50 db power gain in the DC mode and operated in a gate modu-
lated pulsed mode upto 1 kHz.

The development of a density modul ated wideband inductive
output amplifier in the 1-10 GHz regime with moderate power
levels utilizing FEASs has been advocated primarily by R. K.
Parker.® Inductive output amplifiers, where the rf output circuit
is separated from the beam collection electrode resulting in an
increase of power and bandwidth, was first proposed by Haeff
and Nergaard in the 1940s.'” The klystrode” ™, also an induc-
tive output tube, was devel oped by Sharder and Preist.!! It uses
acavity-driven cathode-grid regionto form amodul ated € ectron
stream that is then accelerated in a high-voltage el ectron gun.
Density modulated beams were shown to be capable of produc-
ing microwave power more efficiently, in a more compact size
and at a higher power than vel ocity modulated devices.

The frequency, fr, a which the short-circuit current gain at-
tains unit magnitude, is often used as an estimate for the fre-
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Figure4. Schematic of Varian single crystal edge emitter with
air-bridge.

guency of operation. It isdefined as

fr = (AIJAV)/Cip, (2)
where AV isthe change of the gate voltage, A/ isthe resultant
change in emitted current and C;,, isthe input capacitance.

The use of FEAs in an inductive output amplifier has many
advantages:

i. Thefrequency of operationisnot limited by thedistancebe-
tween the emitter and the extracting grid, whichistypically
lessthan 1 pm.

ii. Fowler-Nordheim field-emission has high transconduc-
tance, AI/AV. Reduction of AV reduces input power
and an increase of AT increases output power. Thus, high
transconductance leads to high gain.

iii. Various FEA designs and fabrication methods
have steadily decreased the input capacitance. Decrease of
C'i», increases the frequency as shown by Eq. (2). Decrease
of C;,, aso decreases theinput power requirement and thus
increases the gain.

iv. FEAs have demonstrated high current densities,'? upto 1
kA/cm?. High current density improves the beam propaga-
tion.

Currently two emission gated microwave amplifiers are un-
der development which have the same objective but use dightly
different approaches, i.e., twystrode and klystrode. The com-
mon objectives of the two microwave amplifier programs are:
frequency of operation at 10 GHz, with 50 W output power, 10
db gain, efficiency of 50% before energy recovery with electron
beam energy of 2.5 keV, to be completed by early 1997. The
preliminary designs under consideration are hollow beams with
peak current about 160-170 mA to be confined by a high axia
magnetic field of 1-5kG. Theinteraction length of the tubeswill
be approximately 1 cm with radius much less than 1 mm. The
designs have to be somewhat flexible to accommodate various
FEAs from different suppliers.

The twystrode tube will be developed in the Electronics Sci-
ence and Technol ogy Division of the Naval Research Laboratory
under the guidance of R. A. Parker. A series of twystrode ex-
periments has been performed by M. A. Kodis with other types
of cathodes to establish the understanding of the physics of the
twystrode.'3 For the emission gated twystrode amplifier experi-
ment, a variety of field-emitterswill be procured.
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Figure 5. Schematic of normalized emittance of an array of
field-emitters.

The Klystrode tube is to be developed by Varian. The FEAS
areto be supplied by SRI, MIT/Lincoln Laboratory, MCNC and
Varian.

The FEA requirements for the 10 GHz emission gated mi-
crowave tubes are very demanding.

(i) Currently, FEAs have only demonstrated beam modul ation
a 1 GHz. Optimism that beam modulation can be achieved at
10 GHz is based on () verification of the concepts to be used
in the design of 10 GHz FEAs and (b) the devel opment of new
and improved processing techniques. Modulated beam at high
frequencies may also be obtained by methods other than gate
modulation.**

(i) Back-ion bombardment may be prevented by proper tube
design. Thiswas demonstrated by the gyrotron experiment. The
tubes must be designed such that theionswill be directed away
fromthe FEASs. For the Varian GaAs edge emitter, the air-bridge
also protects the emitter.

(iii) For uniform emission and tip protection, a resistive sub-
strate is commonly used. However, this method cannot be used
for high frequency gate modulated emission because it would
reduce the transconductance. For the 10 GHz experiments, im-
provements in fabrication and reductionsin the size of the array
(<< 1 mm?) will increase the possibility of finding good chips.

(iv) Emittance is an issue to be addressed in the next genera
tion of experiments. A large magnetic field is required to con-
fine the beam in the two present experiments. However, thisis
not a long term solution because of the size and weight intro-
duced by the magnet. The normalized emittance of asinglecone
field emitter is very good,'® on the order of 10=* # mm-mrad
calculated by EGUN2.'% The emittance isa function of the gate
voltageand thefiel d-emitter geometry. The phase space diagram
of the normalized emittance associated with a single cone field
emitter tipisin the shape of apropeller, showninFig. 5. Theef-
fective normalized emittance of an array of field-emittersisthe
area enclosed by the dashed curvein the phase space diagram.!”
Reduction of the normalized effective emittance can be accom-
plished by fabricating lenses at each emitter, decreasing gate di-
ameter to decrease the gate voltage and/or lowering the work
function of theemitter to decrease the gatevoltage. Theresultant
reduced effective normalized emittanceisshowninFig. 6. Vari-
ouslensconfigurationshave been simulated' *1® and experimen-
tally attempted.'® ¥ Extensivefabrication devel opment effort is
il required to devel op field-emitters with integrated | enses.
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Figure 6. Schematic of normalized emittance of an array of
field-emitters with lenses.

Thedemand of the FEAsfor microwave and accel erator appli-
cations is challenging because of the high current density, high
frequency and high voltage requirements. If the two proof-of-
principletwystrode and klystrode experiments are successful, it
would be a significant advancement in the field and would lead
the way for high power devices.

The gigatron®® is a high power amplifier concept that can re-
duce the space charge effect of high current density by the uti-
lization of a ribbon beam generated from spatially and tempo-
rally modulated emission. It is compact and has high efficien-
cies. Originaly, FEAs were the only potentially available cath-
ode. Advancements in emission gated cathodes towards high
current density and high modul ation frequency may someday en-
able the redlization of the gigatron concept.

1. FERROELECTRIC CATHODES

Thedevel opment of ferroel ectric materia for useasa* strong”
emission cathode started in 1987 when Gundel and co-workers
reporting high current densities of more than 100 A/cm? in the
absence of an external extraction field, after its discovery at
CERN earlier in the year.?! The most commonly studied fer-
roelectric cathodes are composed of lead lanthanum zirconate-
titanate (PLZT) and lead zirconate-titanate (PZT or LZT). These
ceramic material s can be polished to athicknesses of 50 ymto 1
mm, with lithographically patterned electrodes on one side and
ablank electrode on the other.

Large polarization vectors can be formed insidethe ferroel ec-
tric. Theinitial valueof P; isobtained by prepoling aferroelec-
tric sample at high temperature under the influence of a modest
dc dectric field. Each P, domain isrelated to the electric field
by a hysteresis, shown in Fig. 7. Ferroelectric emission is dif-
ferent from classical thermionic, field, secondary or photo emis-
sions. A simplified schematic of the emission processis shown
in Fig. 8. The conceptual model shown assumes the sample is
represented by a single-domain structure with two possible di-
rections of the polarization vector P;.

In Fig. 8a, the polarization is set up such that the polarized
charges on the surface are neutralized by screening electronsand
screening holes. When the electric field of sufficient strength
is suddenly switched, the polarization vectors will switch. For
submicrosecond polarization switching, the screening electrons
will be emitted,?? before the screening charges can flow away
over the surface or through the bulk of the ferroelectric mate-
rial, shownin Fig. 8b. The spontaneous polarization 23 can be as
large as 20 pClem? resulting in the accumulation of a screening
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Figure 7. Hysteresis of ferroelectric materials.
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charge density of 10'® electrons/cm?.

The voltage required for switching of the eectric field E is
shown to be dependent on the thickness of the ferroelectric. For
ferrod ectric samples 1 mm thick,23~ 2 theamplitudeof thevolt-
age pulse usualy has to be greater than 1 kV with pulselengths
ranging from 100-1000ns. The voltagepul sesrequiredto switch
thinner ferroelectrics areless: (i) 100 xmthick?® PLZT requires
300-400 V, (ii) 30-45 pm thick?” PZT requires 75 V and (iii) 1
pm thick?® PZT requires 10-40 V.

The polarization switching can aso be produced by mechan-
ical pressure pulses, thermal heating and laser illumination. En-
hanced laser-induced emission from ferroelectrics is different
from photoemission, because strong self-emission of energetic
(> 10 keV) eectrons was observed without an extraction field,
and athreshold laser energy isneeded.?®?° Laser induced emis-
sion requires regular polarization switching in order to main-
tain a constant emission level. Otherwise, emission decays af-
ter sometens of pulsestoward zero. The details of laser induced
emission has not yet been satisfactorily explained.

The ferroel ectrics are robust ceramic materials.?! The ease of
use is comparable to the best metallic cathode. They can be
touched and transported through air. They do not need a good
vacuum so they can work in alow-pressure gas or plasma. This
emi ssion mechanism isuniqueand has propertiesappropriatefor
rf sources and accel erator applications.

The current density from ferroelectrics could be high, for ex-
ample, 100 A/cm? at CERN?! and 70 A/cm? at Cornell.2*> Cur-
rent density was reported to be as much as two orders of mag-
nitude larger than the Child-Langmuir limit. One explanation
is that the electrons are emitted with high energies (250 eV at
MCNC? to 10 keV at CERN?®).

High normalized beam brightness was reported®® from an
LTZ-2 disk. A gate voltage pulse of 1-2 kV was applied across
al mm thick disk 2.5 cm in diameter. For an anode voltage of
10 kV, the detected current was 15 A. The normalized emittance
is5 mm mrad and the normalized beam brightnessis1.2 x 10!
A/m?rad?, which exceeds the brightness of thermionic cathodes.

Ferroel ectrics may potentially be very useful for accelerators
and rf sources. Again, ferroelectrics may also have wide com-
mercial applications.?! For the ferroelectric to be practical asa
large area cathode, the turn-on voltages have to be reduced for
obtai ning the desirable current density. Ferroelectric formed by
thin film deposition is under development a8 MCNC to obtain
large area, thin ferrodl ectrics.?6 Ferroelectrics provide many re-
search opportunities.

batt q Conduction
BN atterne band
:I PS electrode l
28 - -
Blank ®|:| T f
electrode | |
Ferroelectric Ferroelectric
(@)
Conduction
band ]\
Blank A
electrode Emitted |

electrons

Ferroelectric Ferroelectric

(b)

Figure 8. Schematic of ferroelectric emission mechanism: (a)
no emission and (b) emission.

V. MICROMINIATURE THERMIONIC
VACUUM (MTV) CATHODE

Thermionic cathodes can also be miniaturized and large ar-
rays of them can be fabricated so that they can be controlled spa-
tially and temporally with low voltages?® A thin tungsten fila-
ment coated with low work function material suspended as an
air-bridge can be heated to high temperatures by applying alow
voltage across the filament. For afilament 15 x 30 x 1.5 ym3
in size and input power of 70 mW, 16 pA of current was col-
lected by a planar anode at 100 V at a distance of afew microns
from the cathode.®" The advantages of theMTV cathode are the
small sizeof individua components, ruggedness, radiation hard-
ness, environmental and temperature insensitivity, the short dis-
tance between the cathode and grid, and the small capacitance
between the cathode and the grid. MTV may be able to go to
high frequencies, but the current density will not be as high as
with FEAs.

V. SUMMARY

In summary, microfabrication methods have introduced excit-
ing cathodes, each with its best suited applications. (i) FEAs
have been under devel opment for almost thirty years. FEAs will
be entering the commercia market in the application of field-
emitter displays. The FEA performance requirementsfor rf am-
plifier application are challenging, but not out of reach. Thefirst
concentrated effort to develop rf amplifiers with FEAS has been
launched. Successful results will initiate significant growth in
thisfield. (ii) Since ferroelectric cathodes with “strong” emis-
sionwereonly discovered in 1987, some aspects of theemission
processes are not yet well understood. Ferroelectric cathodes,
however, are aready finding their way into accelerator related



applications. Itisan active area of research. (iii) MTV cathodes
provide more flexibility than conventional thermionic cathode.
They are ill inthe early stages of devel opment.
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