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The research reported here focuses on the surface topography of a field
emission cathode for use in ElectridPropulsion (EP) that has the potential for
very long lifetime and the added ability to be regenerated when the emitter sites
become damaged. The cathode was formed by the application of an {iertracting
electric potential applied to a heated indiuracoated tungsten needle. For reasons
not understood at this time, the electrostatic field caused modification of the
indium-oxide surface layer such that a large number of nansharp crystal
protrusions were created in solid InOs. When the modified needle waghen
subjected to electronextracting potentials very stable and longived electron
emission was observed. Electron field emission from the needle was observed to
be stable for over 1,700 hour$ a lifetime attributed to the presence of multiple
crystal protrusions that allowed the emission to naturally jump to the nextest
site after a single tip became blunted. Also reported is a comparison between the
In,O3 emitter tips with single-needle tungsten field emission tips. Long duration
experiments wereperformed, as well as studies showing emission current from
each type of field emitter as background pressure was increased from4Torr up
to 10° Torr. Longer life was demonstrated from theln,O; emitter tips in every
experiment when compared with the tungsten field emitters. Theln,O3; emitter
tips lasted between 10 and 50 hours longghan bare tungsten tipsat vacuum
pressures in thel0® to 10* range.
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I. Introduction

ECENTLY, Makela and King proposed and demonstradetéchniqueor re-generatingsolid-metal

field-emitter tips using a liquignetal ion source (LMISY® The LMIS was usedo construct nano
scale metal structures intended for use as electrondiaidsion neutralizers for space applicatiofifie
feasibility of creating fielcemitting tips by quenching the ion emittihd/lS at emission currents ranging
from 1 to 25mA was demonstratedit was shown thagharp nanestructurescan be regenerated as long as
there is a sufficient supply of indium to obtain ion emission. It was also found that the elevtron |
characteristics of a field emitter could be altered depending on how much heat is applied to liquefy the
indium during ionemission and depending on what emission current at quench was chbseresults of
those experiments showed that as ion emission current before quenching was incretipaddthsof the
nanascale structures decreased and thus the subsequenbrelectission performancas measured by
electron current for a given extraction voltagereased Applying the FowleiNordheim model to the
electron 1V data yielded tip radii ranging from 80 to 230 nm at quench currents of 1 toA25
respectively’*

Historically, LMISs have found extensive use as ion sources of high brightness in focused ion beam
materials processing applicatidnand, more recently, as electric propulsitirusters via FEEP
technology’® In an LMIS or FEEP thruster, an intense electric field is created near the surface of a low
meltingtemperature liquid metal, sh as indium, by a downstream electrod&. balance between the
liquid surface tension and electrostatic forces cause a structure known as a Taylor cone to form in the
liquid. Because the Taylor cone has a very sharp tip, geometric enhancement of the local electric field at
the cone tip is sufficient to extract metal ions directly from the liquid. The iorsgenfrom a very narrow
(few nanometer diameter) liquid jet at the cone apex and are subsequently accelerated by the electric field
to either produce thrust (FEEP) or for materials processing applications (LMIS). Other applications and
areas of interestof the use of focused ion beams include lithography, semiconductor doping, sample
preparation for TEM imaging, circuit repair, scanning ion microscopy, and scanning ion mass
spectroscopy’

In their original work,Makela and King proposed that quenahian LMIS during ion emission would
freeze the liquid metalaylor cone/jet into a solid structure that could subsequently be used as an electron
field emission site. Although a jetlike protrusion was never observeddringMa kel a and- Kingbés p
quenchelectron microscopythe technique of LMIS quenching has been reportedver adecadé&' so the
authors assumethat a single sirp protrusionwas preservedand FowlerNordheim modeling was
performed to estimate thlradiusof thenanotip Thegoal of researcheported herevasto observehow the
nanascale structures form as a liquid metal ion source is quenched.

II. Goal of Study

The primary goal of the research reported in this docunvesss to examine the nanostructures formed
during quencimg of an operational LMIS using electron microscopy and to understand how the
morphology of these structures depend on the ion emission parardating the generation procesa
secondary goal of this research was to investigate the lifetime of the nanotip cathodes and correlate this
lifetime with tip geometry and configuration.

The researctreportedin this paperfocusal oninvestigaing the geometryof indium emitter tips that
are formed by quenching an operatliglS. Multiple testswere performed undea range oheating and
ion emission currentonditionswhile observing the LMIS using@ Field Emission Scanning Electron
Microscope The heater currewasvariedto change the indium temperature dhd etraction electrode
voltage wasalso varied tonvestigate the emitter tip shapedigcharge currestrangingfrom 10 to 40nA.

Lifetime experiments were also performed to deternhio& long electron emission could sustain from a
guenched LMIS. The lifetime experiments were voluntarilyterruptedon occasiorto perform Fowler
Nordheim modeling tests to estimate the emitter tip radius.

Additional experiments were performed comparthg quencedi ndi um L MI S6s with sing
bare tungsten emitters. Extended duration experiments were performed using the quenched indium
emitters as well as the pure tungsten emitters. In addition, electron emission from both types of emitters
was ofserved while operating in vacuum pressures 6t Tiérr and then while increasing the background
pressure td0* Torr.
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Ill.  Description of Apparatus

Investigation oemitter tip surface topographwyasperformed in thé=ield Emission Scanning Electron
Mi croscope at Mi chi gan ( M€ U &gpletl €heimicab &nd Mamphologigals i t y & s
Analysis Laboratory A custom fixture waslesigned anduilt that allowed a liquid metal ion source to be
placed in the specimethamber of the FISEM. The custom fixture was also equipped with electrical
connections to operate the resistive heater and extraction electrode that are necessary to operate an LMIS.
Implementing the custom fixture and electrical connections alloweddtlal ion/electron source to be
operated in thespecimen chamber of tHeE-SEM. The chamber is evacudt@ising a series of three ion
pumps and acuum pressure of %50 Torr was maintained throughout testing

The dual ion/electron source was creatednf sharp tungstenneedlesthat were forme by
electrochemically etching tungstevires in a 2M NaOH solution. The etching procedure utilized was
similar to the method used and described in further detail by ERvalkingthe electrochemicadtching
technique it was possible to obtain reproducible tip
few microns, depending ohé etch conditions. A typical tungsteeedle posetch is showrin Figurel.

Figure 1. Scanning electron microscope (SEMimage of atypical electrochemically etched tungsten
needlethat has been etched under DC and AC conditions

The sharpened tungstép wasthen coated with indiurby resistively heating the tungstémvacuum
and thendipping the heate@mitterin a crucible ofliquefied indium within the vacuum chamberThe
resistively heated emitter was fixed to a Teflon block and then to a motion table inside the Condensable
Metal Vacuum Facility at MTU. The chamber was brought down to about®skd® and then the indium
crucible heater power was increased untg tieservoir reached 680. When the desired reservoir
temperature was reached, the heater power for the emitter tip was increased until the tip glowed orange.
The emitter tip was then dipped into and out of the indium crucible five times. Repeated) dyagi done
to ensure a uniform coating was on the emitter fjwerything in the vacuum chamber was then given a
few hours to cool. After that, the tank was vented #redettched and coated tiyastheninsertedinto a
fixture thathad a planar stainles steel extraction electrodeAn electrical schematic highlighting key
components ishown inFigure2.
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Figure 2. Electrical schematic of the FESEM specimen fixture.

For UHV compatibility, he materials that were uséal build the custom LMISand support fixture
included Teflon, stainless steel, tungsten, and a small amount of alumiflkencompleted apparatus is

shownin Figure3. Gap spacing between the emitter tip and the extraction electrode was about 8.5
0.2mmfor all of the experiments

Custom Emitter  Extraction Internally Mounted
Specimen Tip Electrode Electricalinterface

Fixture \ - . l x

Figure 3. LMIS/electron field emitter apparatus and the custom
electrical interface mounted inside the FESEM.

The internal electrical interface was installed permanently inside of tH&HME specimen chamber as
shown inFigure4. The electrical contas arekeptin tension similar to a torsion springgo operation of

the LMIS is possible by inserting the custom specimen fixture so that the stainlesdestieielal contacts
for the heater and extraction electr@emade continuouby surface contéc
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Figure 4. Internal specimenchamber of the FE-SEM showing the
custom electrical interface that was installed.

The Ultra High Vacuum(UHV) chamberthat was used for the lifetime experimeigsocated in
MTU&s | on Space Papprgxumhtalyi O metérsaif diameted byi0$ mekeng. The
chamberhas a base pressure of®10orr, which is achieved by pumping with a single 280turbo
molecular pump that is backed by a 44fin dry scroll pump. The chambelis also equipped with a 300
I/s ion-sublimation combination pump to reach thealliigh vacuum environment. With the addition of
the titanium sublimation pump (TSP) to the ion pump, higher pumping speeds are possible due to the TSP
pumpo6és ability to Amaapetdtirg prgssuretd#0t ta bOP° Eorr was snaistained
throughout lifetime experiments

IV. Experimental Procedure

As mentioned previouslthreeexperiments were performeshdreported in this documentThe first
setof experiments was performed in tReéeld Emission Scanning Electron Microscope to investigate the
surfacemormphology of a quenched liquid metal ion source. The secondfsetpmriments was performed
in the Utra High Vacuum facility to determine the lifetime characteristics of a quenchd8 operating
as a field emission electron sourcé third set of experiments was performed to compare a quenched
LMIS with singleneedle tungsten emitters.

A) Surface Morphology Experiments

To operate themittertip as a liquid metal ion sourde the FE-SEM, the custom specimen fixture had
to first be inserted into the imaging chamber of the electron microscope. Inserting the fixture was done
using the conventional method of threading the fixture @mdnsertion rod fothe FESEM and then
evacuatinghe specimen airlock. Th&fure was then inserted into the specimen chamber, where it mated
with the internal electrical connections.

To achieve ion emissigrthe resistiveemitter heater, showpreviouslyin Figure2, wassupplied with
2.75 A, 1.3 V with the purpose of maintaining the indicoated electrode above the meltiegperature
of indium, which is 156.6C. The high-voltage extraction supply was then increased to obtain ion
emission. For each set of experiments the extraction supplyin@eased until thelesired ion emission
currentwas reached and then the extraction electrode voltage was held cémstare minute Leaving
the extraction electrode constathte heater power was turned off to quench the operating LMIS. After the
LMIS was allowed to cool for oneninute, the extraction supply was also turned ofncethe heat and
extraction power supplies were offie electronoptics on the FESEM were engagednd micrographsf
the emitter tip were acquiredAfter imaging the emitter tip, the electron optics were turned off and the
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emitter was operated as an ion source again. The ion emission current wad adjusie desired

magnitude and then the extraction electrode was held constant for another minute. Then the heater was

turned off, the emitter apex was quenched, and then the tip was imaged usingSB&FEThe process

was repeated multiple times atange of ion emission currents from 10 tord8. Between each series of

LMI'S quenching experiments the emitter tip was firese
electron source. To smooth the surface, the extraction power supply was-tionitedtat 100mA while

increasing the extraction voltage up between 7 and 10 kV. UsingrAQff emission current was great

enough to heat the sharp tips and the extraction voltage was great enough to cause arcing to destroy any

locally sharp points othe apex.

B) Lifetime Assessment

The same type of LMIShown inFigure 3 was used in the UHV facility as with the FEM
experiments. The LMIS was operated by increasiiegheater power to 2.75 A, 1.3 V and then increasing
the extraction electrode to obtain amiemission current of 2@A. lon emission was continued for one
minute and then the heater power was turned afflowing the emitter apex to quench. After another
minute, the extraction voltage was turned off and then the polarity of the extractibroéé was reversed
to obtain electron field emission. The extraction voltage was increased to 4.1 kV to obtain an electron
emission current of ZA and then the emissn current was recorded fob® hoursat constant voltage
After 950 hours, the extietion voltage wasoluntarily turned offfor five hoursandthen increased back to
4.1 kV to see if the electron emission current returnethéoprevious magnitudef 2 mA. Electron
emission was continued fabout b hours and then the extraction voltage wakintarily turned off again
to obtainan electron-V curve The IV curvewas obtained by sweeping tkgtraction voltaget 100 V
stepsfrom 0 to 4.5kV while recording theslectronemission cuent. Using tk |-V curve, it wa possible
to obtain an emitter tip radius estimatsing FowleNordheim modeling Following thel-V sweep, the
extraction voltage was increased back up to 4.1 kV to observe the emission clilrergxperiment was
operated for 435 adtibnal hours and then it was voluntarily shut off again to take another eleetfon |
sweep. After one hour the extraction voltage was increased to 4.1 BUGanore hours.

C) Quenched Emitter Comparison with Tungsten Emitters

For the comparison experimex two tungstenfield emitters were electrochemically etchan a 2M
NaOH solution similar to the etching procedure used for the LMISs. The only difference between the
tungsten emitters used for the comparison experiments and the tungsten elébbdese etched to be
coated with indium is that the bare tungsten field emitters were only DC étdbading a sharp tip with a
smooth surface finish rather than a surface with longitudinal grooves.

The first bare tungsten emitter was placed in the WH&mber to demonstrate stabile operation for an
extended period of timeVacuumpressure was 10Torr during the extended duration experimer.
FowlerNordheim sweep was taken before the lifetime experiment to get a tip radius estifrtate.
tungstenemitter wasthen successfully operated for 625 hours aid = 625 hourshe vacuum pressure
was increased to observe the emission current.

The second bare tungsten emitter was used to determine the effects of increased vacuum pressure on
the operating diracteristics of a singleeedle field emitter.The second bare tungsten emitter \whsced
in the UHV chamber and used to establish electron emission at a vacuum pressutd afr. 1Before
exposing the emitter to increased vacuum a FolNtdheim sveep was performed to obtain the emitter
tip radius. After the FowlerNordheim sweep the extraction voltage was increasedelatitron emission
was acquired andtabilized, the chamber pressure was increamed the emission current was observed.
Whenvacuum pressure increased to the point where emission ceased, vacuum pressure was decreased back
to 10° Torr and emission was-acquired by increasing the extraction voltage. The emission current was
stabilizedfor a couple of houragain and thechamker pressure was increased until emission ceathd.
process was repeated multiple times until emission from the bare tungsten needieobi@snable at
extraction voltages up to 10 kV.

The quencheéhdium LMIS wasthenset upin the UHV chamber to compawith the single tungsten
field emitters. The LMIS was first quenchadd a Fower-Nordheim sweep was taken to estimate rano
structure tip radius. The quenched emitter Wsen usedas an electron sourd® observe emission
characteristics as a funatimf background pressurelust as previously dongith bare tungsten emitters
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the quenched emitter was used to establish electron emission and then the paessumavas increased
while observing the electron emission currevithen emission ceased, the vacuum pressure was restored to
108 Torr and then emission was-aequired by increasing the extraction voltage. Once emission stabilized,
the vacuum pressure was increased while recording the emission current. The procegsatad several
times and then the quenched emitter waguenched to restore the sharp natractures on the emitter tip
surface thus repairing any damage that was done when the vacuum pressure was increased.

Il Results
A) Surface Morphology Experiments
Investigators operated nearly 10Quid metal ion sourcem the FESEM for many weeks with the
goal of capturing a single image of a frozen Taylor coneljet structure with no suctedact, he
experiments in the FSEM hadvery surprising results Ratherthan a single Taylor cone with a sharp
protrusion something during the ion emission process caused the formation of multiple -tGkegstal
structures all over the surface of the emitterdgshown inFigure5.

a)

. ’ 3 - : . v Ve s
SAX d - s O T L 3 Eoyme & Nes TV

Figure 5. Micrographs obtained a) after destroying the emitter tip using electron emission and then
b) after operating the emitter as an LMIS for one minute and quenching at 2@rA and then c)
operating as an LMIS for one additional minute and quenching at 2@m, and finally d) operating as
an LMIS for one more minute followed by an ion quench at 20rA.

Multiple protrusions wee formed upon quenching and sequentialquenches we performed, the
protrusions thatverecreatedbecome more and more pamced A further-magnifiedexamination othe
surface topographindicatedthat the sharp protrusionbave the appearance afystal facets ashewnin
Figure 6. Furthermore, it was evident that the surface layer did not melt between tests, despite the
application of considerable heat producing an approximate surface temperat@&af, which issome
1090degeesabove the melting temperatureioflium.
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Figure 6. Magnified micrographs of the sharp nanostructures shown in Figure 5 b), c¢), and d)
highlighting the crystal-like structures that have been formedat the emitter tip apexafter a series of
20 mA quenches.

The quenching experiment wisenperformed again tdetermine ifcrystals could be réormed. To
reset the smooth surfachgtenission electrode was operatedaaselectron sourclky currentlimiting the
extraction supplyat 100mA and then increasing th@oltageto approximately 10 kV for one minute. Wi
such a high curredimit and voltage, the emitter tip experiendesatingandarcing The localized heating
and arcinglestoys any sharp structures on thaface causing the surfadaish to become smooth. After
smoothing the tip and acquiringnaicrograph, the extraction electrode polarity was reversed to obtain ion
emission, the heater power was increased to about 4 W, and the extraction voltage was increased to obtain
ion emission. Just as with the first quenching experiment, the extracttagevevas adjusted to obtain the
desired emission current and then it was left constant for one minute. After one minute of stable ion
emission the heater power was turned off which quenched the emitter. The emitter tip was imaged with the
FE-SEM and tha the heater was increased back to 4 W, the extraction voltage was increased to obtain the
desired emission current, the current was sustained for one minute, and then the heater waf tarned
guench. The same process was repeated a third timesartigeemission current and the acquired images
can be seen iRigure?.

a)

$4700 10.0kV 8.7men x5.03 SE(V)

b) Magnified |d)
<« section
to the right

Figure 7. Micrographs obtained a) after destroying the emitter tip using electron emission and then
b) after operating the emitter as an LMIS for one minute and quenching at D mA and then c)
operating as an LMIS for one addtional minute and quenching at D mA, and finally d) operating as
an LMIS for one more minute followed by an ion quench at @ mA. The column of three images on
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the right are magnified micrographs of the boxed section from b) where bl) corresponds to b), cl
corresponds to c), etc.

The entire quenching process, starting with
performing three consecutivBeating/quenching cycleat the sene ion emission currentyvas then
performed aion emission currents of 38nd 40mA. The micrographs thawere obtained are shown in
Figure8 for the 30mA quenches anBigure9 for the 40mA quenches.

Figure 8. Micrographs obtained a) after destroying the emitter tip using electron emission and then
b) after operating the emitter as an LMIS for one minute and quenching at 8 mA and then c)
operating as an LMIS for one addtional minute and quenching at 8 mA, and finally d) operating as
an LMIS for one more minute followed by an ion quench at @ mA. The column of three images on
the right are magnified micrographs of the boxed section from b) where b1) corresponds t9,lkc1)
corresponds to c),etc.
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Figure 9. Micrographs obtained a) after destroying the emitter tip using electron emission and then
b) after operating the emitter as an LMIS for one minute and quenching at 8 mA and then c)
operating as anLMIS for one additional minute and quenching at 4 mA, and finally d) operating as
an LMIS for one more minute followed by an ion quench at @ mA. The column of three images on
the right are magnified micrographs of the boxed section from b) where bl) coesponds to b), cl)
corresponds to c), etc.

The formation of multiple crystdike pyramids broght up the question of why single Taylor cone
wa s foidning. Since the global features on the emitter apex seem unchanged after each quesh, i
initially thoughtt hat the i ndium wasndt get t.i Ihthe indiomh was nough t o
completely melting, the global features would be melted and reformed into completely different shapes
during each quenchA crudeheat transfer calculatiomhich assume@ heatepower of 4 Wresulted in an
estimatedip temperature of about 1780, which should be more than sufficient to mieldium (melting
temperature i456.6C). A more indepththermal analysis wathen performed to confirm the predicted
temperature, since 1780 would have resulted in complete vaporization ofitidgum film. Using thermal
modelingsoftware the emitter tip temperature was estimat¢@range of heater power from 0.25 to 8 W
during ion emission. At the sanmeagnitude 6 heater powewused for the hanrdalculation,4 W, the
thermal model estimate was a @ipextemperature of 125C, which is still much higher than desirable. A
plot of the heater power vs. tip temperatdrem thethermalmodelis shown inFigure10.
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Figure 10. Emitter tip temperature vs. heater power estimaed using thermal modeling software
with inset picture showing the probe location where temperature was modeled

Assumingthat all of the boundary conditions in the thermal model veeirate, all of the indium
would evaporatefrom the emitter tip within a few minutes due to the vaposguee of indium at 1250°C.
It was clear from the micrographs that a layer of metal was definitely coating the underlying tungsten
elecrodeand hadndt bandinwasalsa gearifrant tikedhermal analyses that this layer could
not be indium. The (now) natural conclusion was that the layer was likely indium oxidéium oxide,
In,05, has a melting temperature of 1910°C and tends to form tetragonal pyitearidystals that are very
similar to the structures that were observed throughoutstherientation reported in this documéht.
Indium oxidehas a molecular weiglif 82.7% indium and 17.3% oxygen so an Energy DispersivayX
Spectroscopy (EDS) analysis was performed on the emission electrode to determine the molecular make
up, as shown in the energy spectrum pltoFigure 11. It should be noted that the unlabeled peaks were
elements that made up the microscapesivehat is used to adhere small SEM samples to the specimen
holder.
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Figure 11. Energy spectrum analysis of a dual ion/electron source using Energy DispersiverXy
Spectroscopy The bottom axis is in units of keV and the vertical axis shows relative peak
magnitudes The unlabeled peaks were from the electron microscopelhesive used to fix the LMIS
to the sample holder.

The results were conclusive that the LMIS veamted withindium oxide rather than pure indium.

EDS analysis of two different locations on the LMIS, at the emitter apex and about 0.5 mm down the shaft,
yielded weight percents of 83.1% indium, 1%.8xygen and 80.7% indium, 19.3% oxygen, respectively.
The relative weight percentages of indium and oxygen coeéliimat the indium liquid metal ion source

was definitely coated withan indium oxidelayer, which could explainwhy a higher temperatur¢han
156.6°Cat a modest 4 W of heater poweas necessary to obtain ion emissiém EDS analysis was also
performed on the bulk indium that was used to coatuthgsten electrode to determinaifarge amoundf

oxygen was present before coating the tungsfeme analysis was performed on two separate samples and
resulted in 99% indium, 1% oxygen in the first sample and 98.6% indium, 1.4% oxygen in the second
sample so it is safe to say that the LMIS useddstinghad, at minimum, an outer shellioflium oxide.

While the confirmed presence of a layer of indium oxide explains why the structure did not melt
during heating, it raises other questions relating to the ion emission process, i.e. what is bi@ng emi
during operation as an LMIS if there is no liquid metd®o simple experiments were performed to try to
isolate the source of emissidl) heating the LMIS without an applied extraction potential and 2) applying
an extraction potential without headj the LMIS For the first experiment the LMIS wassistivelyheated
at 4 W, which was the same heater power as the previous experifioerdae minute intervals. After
applying heat forone minuteand quenching the LMISa micrograph was acquired. dprocess was
repeated and theMIS was heated a total of three times for one minute intervalgeacquired images are
shownin Figure12. As shown, no crystdlke pyramids were observed by solely heating and quenching
the LMIS.

_

Figure 12. Micrographs taken after heating and quenching the LMIS for one minute intervals
without extraction voltage applied, where a) is after the first one minute heating, b) is the second one
minute interval, and c) was taken after applying heat for the final one minute interval.
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