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The research reported here focuses on the surface topographyf a field-
emission cathodefor use in Electric Propulsion (EP) that has the potential for
very long lifetime and the addedability to be re-generatad when the emitter sites
becomedamaged The cathodewas formed bythe application of an ionextracting
electric potential applied to a heatedndium-coated tungsten needle. For reasons
not understood at this time, the electrostatic field caused modification of the
indium-oxide surface layer such thata large number of nano-sharp crystal
protrusions were created in solid InOs. When the modified needle was then
subjected to electrorextracting potentials very stable and longived electron
emission was observed.Electron field emission from the needle was observed to
be stable for over 1,700 hours 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.
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I. Introduction

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

field-emitter tips using a liquithetal ion source (LMISY® The LMIS was usedio construct nano
scale metal structures intendferl use as electron fieldmission neutralizers for space applicatiofifie
feasibility of creating field emitting tips by quenching the ion emittiMyS at emission currents ranging
from 1 to 25mA was demonstratedit was shown thatharp nanetructurescan be regenerated as long as
there is a sufficient supply of indium to obtain ion emission. It was also found that the ele@tron |
characteristics of a field emitter could be altered depgndinhow much heat is applied to liquefy the
indium during ion emission and depending on what emission current at quench was dhinesessults of
those experiments showed that as ion emission current before quenching was incretigeddihsof the
nanascale structures decreased and thus the subsequent electron emission perfasnaeesured by
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electron current for a given extraction voltagereased Applying the FowleNordheim model to the
electron 1V data yielded tip radii ranging from08to 230 nm at quench currents of 1 to 128,
respectively*

Historically, LMISs have found extensive use as ion sources of high brightness in focudaehion
materials processing applicationand, more recently, as electric propulsitirusters via FEP
technology’® In an LMIS or FEEP thruster, an intense electric field is creaed the surface of a low
melting-temperature liquid metal, such as indium, by a downstream electrode. A 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 sufficientto extract metal ions directly from the liquid. The ions emerge from 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 processinicapipns (LMIS). Other applications and areas
of interest for the use of focused ion beams include lithography, semiconductor doping, sample preparation
for TEM imaging, circuit repair, scanning ion microscopy, and scanning ion mass spectrdscopy.

In their original work,Makela and King proposed that quenching an LMIS during ion emission would
freeze the liquid metdlaylor cone/jet into a solid structure that could subsequently be used as an electron
field emission siteAlthough a jetlike protruision was never observeturingMa k el a and- Kingds p
quench electron microscopthe technique of LMIS quenching has been reportedvier adecad&' so the
authors assumethat a single sharp protrusiomas preservecand FowlerNordheim modeling was
performed to estimate thradiusof thenanotip Thegoal of researcheported hergvasto observenow the
nanoscale structures for as a liquid metal ion source is quenched.

II.  Goal of Study

Theprimarygoal of the research reported in this docunvea to examine the nanostructures formed
during quench of an operational LMIS using electron microscopy and to understand how the rggrpholo
of these structures depend on the ion emission parameters during the generation Areeessdary goal
of this research was to investigate the lifetime of the nanotip cathodes and correlate this lifetime with tip
geometry and configuration.

The resarchreportedin this paperfocusa oninvestigaing the geometryof indium emitter tips that
are formed by quenching an operatliglS. Multiple testswereperformed undea range oheating and
ion emission currentonditionswhile observing the LMIS usg a Field Emission Scanning Electron
Microscope The heater curremasvariedto change the indium temperature dhe etraction electrode
voltage wasalso varied tanvestigate the emitter tip shapeditcharge currestrangingfrom 10 to 40vA.
Lifetime experiments were also performed to determine how long electron emission could sustain from a
quenched LMIS. The lifetime experiments were voluntarily stopped occasionto perform Fowler
Nordheim modeling tests to estimate the emitter tip radius.

Ill.  Description of Apparatus

Investigation ofemitter tip surface topographyasperformed in thé-ield Emission Scanning Electron
Mi croscope at Mi chi gan ( MEUW®&ppled Chgmicaladnd Mbrmpholgicals i t y 6 s
Analysis Laboratory A custom fixtue wasdesigned anduilt that allowed a liquid metal ion source to be
placed in the specimen chamber of the$HEM. The custom fixture was also equipped with electrical
connections to operate the resistive heater and extraction electrode that areynecepsaate an LMIS.
Implementing the custom fixture and electrical connections allowed the dual ion/electron source to be
operated in thepecimen chamber of tHeE-SEM. The chamber is evacudteising a series of three ion
pumps and acuum pressure @t5x10™° Torr was maintained throughout testing

The dual ion/electron source was created framarp tungstenneedlesthat were forme by
electrochemically etching tungstevires in a 2M NaOH solution. The etching procedure utilized was
similar to the mthod used and described in further detail by Ek¥alUsing the electrochemicadtching
technique it was possible to obtain reproducible tip
few microns, depending ohe etch conditions. A typical tungsteeedle posetch is showrn Figurel.
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Figure 1. Scanning electron microscope (SEMijmage of
an electrochemically etched tungsten needle.

The sharpened tungstép wasthen coated with indiurby resistively heating the tungsté vacuum
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 eimber was brought down to about 5%Ibrr and then the indium
crucible heater power was increased until the reservoir reache€d.650/hen the desired reservoir
temperature was reached, the heater power for the emitter tip was increased until ltthveetipogange.
The emitter tip was then dipped into and out of the indium crucible five times. Repeated dipping was done
to ensure a uniform coating was on the emitter fyerything in the vacuum chamber was then given a
few hours to cool. After thathe tank was vented anklet etched and coated tiyastheninsertedinto a
fixture thathad a planar stainless steel extraction electrodén electrical schematic highlighting key
components ishown inFigure?2.
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Elecltrode Electode

Heater_
Supply

3]
©

Extraction
Supply

Figure 2.Electrical schematic of the FESEM specimen
fixture.
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For UHV compatibility, he materials that were uséa build the custom LMISand support fixture
included Teflon, stainless steel, tungstand a small amount of aluminunThe completed apparatus is
shownin Figure3. Gap spacing between the emitter tip and the extraction electrode was ahoum 8.5
0.2mm for all of the experiments

Cus’gom Emitter  Extraction Internally Mounted
Specimen Tip Electrode  Electrical Interface

Fixture \ 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 tt&#EMESpecimen chamber as
shown inFigure4. The electrical contacts akeptin tension similar to a torsion springso operation of
the LMIS is possible by inserting the custom specimen fixture so that the stainlesdesteielal cotacts
for the heater and extraction electr@temade continuouby surface contact.

Internally Mounted Electrical Specimen
Electrical Interface Contacts  Insertion Location

'\ Internal Specimen
Chamber

Figure 4.Internal specimenchamber of the FE-SEM showing the custom
electrical interface that was installed.

The Ultra High Vacuumchamberthat was used for the lifetime experimert$ ocat ed i n MTU®s |
Space Propulsion Lab andapproximately 0.5 meters in diameter by 0.5 mdt@rg. The chambehas a
base pressure of 2T orr, which is achieved by pumping with a single 28Gurbo-molecular pump that is
backed by a 1:0min dry scroll pumpAn operating pressure ok80° Torr was maintained throughout
lifetime experiments
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IV. Experimental Procedure

As mentioned previouslywo experiments were performeathdreported in this dagnent. The first
setof experiments was performed in tReeld Emission Scanning Electron Microscope to investigate the
surfacemorphologyof a quenched liquid metal ion source. The secondfsetperiments was performed
in the Utra High Vacuum faciliy to determine the lifetime characteristics of a quenched LMIS operating
as a field emission electron source.

A) Surface Morphology Experiments

To operate themittertip as a liquid metal ion sour@e the FESEM, the custom specimen fixture had
to first beinserted into the imaging chamber of the electron microscope. Inserting the fixture was done
using the conventional method of threading the fixture emdnsertion rod fothe FESEM and then
evacuating the specimen airlock. Thdure was then instd into the specimen chamber, where it mated
with the internal electrical connections.

To achieve ion emissigrihe resistiveemitter heater, showpreviouslyin Figure2, wassupplied with
2.75 A, 1.3 V vith the purpose of maintaining the inditcoated 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 supplyimasased until thelesired ion emission
currentwas reached and then the extraction electrode voltage was held céorstareg minute Leaving
the extraction electrode constatfite heater power was turned off to quench the operating LMIS. After the
LMIS wasallowed to cool for oneninute, the extraction supply was also turned o®ncethe heat and
extraction power supplies were (offie electronoptics on the FESEM were engageand micrographsf
the emitter tip were acquiredAfter imaging the emittetip, the electron optics were turned off and the
emitter was operated as an ion source again. The ion emission current was adjusted to the 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 usingSEMFEThe process
was repeated multiple times at a range of ion emission currents from 10ro 4Between each series of
LMI'S quenching experiments the emitter tip was #fArese
electron source. To smooth the surface, the extraction power supply was-tonitedtat 100mA while
increasing the extcdion voltage up between 7 and 10 kV. Using b@0of 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 on the apex.

B) Lifetime Assessment

The same typef LMIS shown inFigure 3 was used in the UHV facility as with the fSEM
experiments. The LMIS was operated by increaiegheater power to 2.75 A, 1.3 V and then increasing
the extraction electrode tbtain an ion emission current of &8\ lon emission was continued for one
minute and then the heater power was turned affiowing the emitter apex to quench. After another
minute, the extraction voltage was turned off and then the polarity of the extraction electrode was reversed
to olktain electron field emission. The extraction voltage was increased to 4.1 kV to obtain an electron
emission current of XA and then the emissn current was recorded fob® hoursat constant voltage
After 950 hours, the extraction voltage waaluntaily turned offfor five hoursandthen increased back to
4.1 kV to see if the electron emission current returnethégrevious magnitudef 2 mA. Electron
emission was continued fabout B hours and then the extraction voltage wakintarily turned déf again
to obtainan electron-V curve The FV curvewas obtained by sweeping tegtraction voltageat 100 V
stepsfrom O to 4.5kV while recording theslectronemission curent. Using the-V curve, it wa possible
to obtain an emitter tip radius témate using FowlerNordheim modeling Following thel-V sweep, the
extraction voltage was increased back up to 4.1 kV to observe the emission clihergxperiment was
operated for 435 additional hours and then it was voluntarily shut off againg@maither electronV
sweep. After one hour the extraction voltage was increased to 4.1 BROCforore hours.

M. Results
A) Surface Morphology Experiments
Investigators operated nearly 10§uid metal ion sourceg the FESEM for many weeks with the
goal of capturing a single image of a frozen Taylor cone/jet structure with no sucbedact, he
experiments in the FBEM hadvery surprising results Ratherthan a single Taylor cone with a sharp
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protrusion something during the ion emission presecaused the formation of multiple crydiké
structures all over the surface of the emitteragshown inFigureb.
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Figure 5.Micrographs obtained a) after destroyirg the emitter tip using electron emission and then b)
after operating the emitter as an LMIS for one minute and quenching at 28 and then c¢) operating
as an LMIS for one additional minute and quenching at 20m, and finally d) operating as an LMIS
for one more minute followed by an ion quench at 26A.

Multiple protrusions wee formed upon quenching and sexjuentialquenches we performed, the
protrusions thatvere createdbecome more and more pmamced A furthermagnifiedexamination othe
surface topographindicatedthatthe sharp protrusionkave the appearance afystal facets ash®wn in
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 temperatREr€f, which is some
1090degeesabove the nléng temperature ahdium.

highlighting the crystal-like structures that have been formedat the emiter tip apex after a series of
20mA quenches.

The quenching experiment wten performed again tdetermine ifcrystals could be rormed. To
reset the smooth surfacéetenission electrode was operatedaaselectron sourday currentlimiting the
extraction supphat 100mA and the increasing theoltageto approximately 10 kV for one minute. With
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such a high curredimit and voltage, the emitter tip experien¢e=atingandarcing The localized heating

and arcinglestoys any sharp structures on thaface causing the surfadaish to become smooth. After
smoothing the tip and acquiring a micrograph, 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 emissbn. Just as with the first quenching experiment, the extraction voltage was 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 queshthe emitter. The emitter tip was imaged with the
FE-SEM and then 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
quench. The same process was repeated a third time at the same emission current and the acquired images
can be seen iRigure?.

a)

Magnified [ d)
«— section
to the right
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Figure 7. Micrographs obtained a) aftea destroying the emitter tip using electron emission and then
b) after operating the emitter as an LMIS for one minute and quenching at @ 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
the right are magnified micrographs of the boxe section from b) where bl) corresponds to b), cl
corresponds to c), etc.

The entire quenching process, starting with the el
performing three consecutiveeating/quenching cycleat the same ion emissiorurcent, was then
performed aion emission currents of 3@d 40mA. The micrographs thavere obtained are shown in
Figure8 for the 30mA quenches anHigure 9 for the 40mA quenches.
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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 ® 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) corresponds tg,lc1)

corresponds to c)etc.

d)

Magnified
section
to the right
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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 an LMIS for one addtional minute and quenching at @ 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) corresponds to b), c1)

corresponds to c), etc.
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The formation of multiple crystdlke pyramids broght up the question of why single Taylor cone
wa s forning. Since the global features on the emitter apex seem unchanged after each queasch, i
initially thought that the indiumwa s n 6t getting hot e.n Ib thg ihndiuh wasc omp | et e
completely melting, the global features would be melted and reformed into completely different shapes
during each quenchA crudeheat transfer calculationhich assumed heatepower ¢ 4 W resulted in an
estimatedip temperature of about 1780, which should be more than sufficient to meldium (melting
temperature i456.6deg C).a more indepththermal analysis wathen performed to confirm the predicted
temperature, sincg&750C would have resulted in complete vaporization of the In.filgsing thermal
modelingsoftware the emitter tip temperature was estimagéérange of heater power from 0.25 to 8 W
during ion emission. At the sammagnitude ofheater powersed for the handalculation,4 W, the
thermal model estimate was a éipextemperature of 125C, which is still much higher than desirable. A
plot of theheater power vs. tip temperatdrem thethermalmodelis shown inFigure10.
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Figure 10. Emitter tip temperature vs. heater power estimaéd using thermal modeling software
with inset picture showing the probe location where temperature was modeled

Assumingthat dl of the boundary conditions in the thermal model waceurate, all of the indium
would evaporatefrom the emitter tip within a few minutes due to the vapor pressure of indium at 1250°C.
It was clear from the micrographs that a layer of metal was thdfintoating the underlying tungsten
electrodeand hadndét baackinwascalsacear framtthe dhermal analyses that this layer could
not be indium.The (now) natural conclusion was that the layer was likely indium oxiddium oxide,

In,0s, has a melting temperature of 1910°C and tends to form tetragonal pylileenitlystals that are very

similar to the structures that were observed throughout the experimentation reported in this ddcument.
Indium oxidehas a molecular weightdf 82.7% indium and 17.3% oxygen so an Energy DispersirayX
Spectroscopy (EDS) analysis was performed on the emission electrode to determine the molecular make
up, as shown in the energy spectrum piofFigure 1l It should be noted that the unlabeled peaks were
elements that made up the microscepesivehat is used to adhere small SEM samples to the specimen
holder.
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Figure 11. Energy spectrum analysis of a dual ion/electrorsource using Energy Dispersive Xay
Spectroscopy The bottom axis is in units of keV and the vertical axis shows relative peak
magnitudes The unlabeled peaks were from the electron microscope adhesive used to fix the LMIS
to the sample holder.

The resits were conclusive that the LMIS wasated 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 shatft,
yielded weight percents of 83.1% indium, 26.9xygen and 80% indium, 19.3% oxygen, respectively.

The relative weight percentages of indium and oxygen coadtimat the indium liquid metal ion source

was definitely coated withan indium oxidelayer, which could explainwhy a higher temperaturéhan
156.6°Cat a modest 4 W of heater powesis necessary to obtain ion emissiém EDS analysis was also
performed on the bulk indium that was used to coatuthgsten electrode to determinaiifarge amount of
oxygen was present before coating the stielg The 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 used for tebtaglg at minimum, an outer shellinflium 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 being emitted
during operation as an LMIS if there ie hquid metal? Two simple experiments were performed to try to
isolate the source of emissiah) heating the LMIS without an applied extraction potential and 2) applying
an extraction potential without heating the LMIBor the first experiment the LI8lwasresistivelyheated
at 4 W, which was the same heater power as the previous experifoerdse minute intervals. After
applying heat forone minuteand quenching the LMISa micrograph was acquired. Tipeocess was
repeated and theMIS was heatea total of three times for one minute intervalEheacquired images are
shownin Figure12 As shown, no crystdike 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 applyirg heat for the final one minute interval.
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By simply applying a potential between the LMIS and the extraction elecfratteout heating the
LMIS) noion emission current was measuzimicrographs were not acquire@oupling the information
gathered frm both experimens, it is evident that both heat and the extraction potential are important
factors to achieve ion emission and natroicture formation. Further work is necessary to explore the
phenomena responsible for positive current emission froimdéunm-oxide coated needle.

Once concluding thagome sort of electrostatic modificationioflium oxide was responsible for the
crystal formation, an investigation of why indium oxide formed pyralikil crystals was necessary.
Although a literature searh di dndt vy i agrodpfromaPaking Unieessitylint GhinaJia et al
were able to synthesizetragonal indium oxide pyransdby using a chemical vapor deposition procass.
Although the process that Jia et al usedorm In,O; crystds was different from what is reported here,
their research demonstrated tbe-energycrystal structure that indium oxide naturally wants to relax into
T a tetragonal pyramitike structure that was observed in this reseafdlore similar research to val is
reported here was performéd 1999by a group from the Muroran Institute of TechnologyMuroran,
Japan. Saito et ahowedsingle pyramid formation from a quenched indium LMfS.The groupalso
investigated emission patterfrom a quenched indium LMI&nd obsered a circular electron emission
patternon a phosphor screamather than a single pointere emission occurrednplying that electron
emission wasaking placérom multiple points around the emitter apex

Whatever the reason for crystal formatiareating multiple field emitting protrusionsither than a
single Taylor conéncreass the lifetime ofan emitter when operating as an electron source. When one
pyramidwearsoutand di es 6, el ectron emi ssion can c,@incei nue
each pyramidhasa very similar geometrically enhanced electric field.

B) Lifetime Assessment

For the lifetime experiments the LMIS was fitetated and thequenched at 26A of ion emission
The polarity of the extraction electrode was then reversed to achieve electron emission and the extraction
electrode was increased to obtain etattemission at 2A. The voltage required for A of electron
emission current was 4.1 kthe extraction electrode wésenvoltagelimited at 4.1 kV for the remainder
of the experiment. The emission current was allowed to float wherever necessaigteom#.1 kV The
reason for choosing BA as atargetpoint was becauseperating a single needkdectronsource at
emissioncurrents greater than a fawA for long durations of timecan cause unwanted heating of the
emitter apex, which cadestroythe sharpemitter tip. Operating a single emitter tip at a lower emission
current is perfectly fine, however, the lifetime tests that were performed were meant to force the emission
electrode to operate in a wosse scenario to evaluate thédiperfornance.

Within the first hour otthe lifetime testthe emission current increased to approximatelyi for a
few minutesand then slowly decreased down to aboutA3asshown inFigure13. The emission current
fluctuated betweeabout2 and 4mA after thefirst houruntil aboutt = 600 hours. At 600 hairs into the
experimenthe emission quickly increased to about’s and then slowly decreased down to aboutA3
again. At t = 950 hours of operation the experiment was voluntarily shut off for 5 hours to observe if the
emission current would return tbe same magnitude when turned back &hutting off the experiment
was achieved by simply decreasing the extraction voltage from 4.1 kV to 0 kV.
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