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Abstract. A thin film dispenseror micro-dispensercathodecan be generatedusing standardrf sputteringdeposition
technology.These films are compositionallymodulated structures based on W and a multi-componentBa oxide.
Annealing to temperatureshorn 900 to 1300K results in Ba reduction, transport and diffision across the emitter
surface.A finite temperaturerange exists(< 1200K)wherea uniformRe coatingcan be retainedat the emittersurface.
The metallic coating results in a nearly homogeneouswork finction based on emission characteristics.These films
producestable emissionat higher temperatures(2 1200K)wherethe uniformRe coating is lost. Analysisof emission
propertiesyield a work function of 2.2 eV and an apparent emission coefilcient of 6 A“cm-2”K-2after annealingto
1200K.This high apparent emission coefficientyields a film suitable for milliwatt power generation applications.
MicrominiatureThermionicConverters(MTCS)are onepotentialapplicationfor these films.

INTRODUCTION

Several technologies require a method of integrating a thin, electron emissive film into an energy generating or
conversion device. Examples include miniature thermionic diodes (King, 2000) used as small-scale power sources
and high frequency microwave generators (klystrons) for particle acceleration or directed energy applications. The
electron source community has optimized macroscopic cathodes based on impregnating a porous tungsten matrix
with barium oxide for display applications (Thomas, 1990). Their thin film work has been isolated to modification
of these macrostmctures to improve cathode lifetime (Gibson, 1989 and Gartner, 1997). The power and acceleration
communities have relied on slurry-based techniques to deposit mixed oxide films. This approach results in
considerable effort spent in activating and conditioning the films prior to stable use. We report on a method of
generating low work function, electron emissive films based on the materials system used by the display industry.
These films are essentially micro-dispensers that are deposited as a monolithic structure using rf sputtering.

EXPERIMENTAL

Thin cathode films are deposited using rf sputtering. Deposition is conducted in a Unifilm PVD300 system with
both substrate translation and rotation to ensure better than 98% film thickness uniformity over a 4 inch diameter.
Emitter devices are deposited in arrays onto a single substrate using shadow masks to define structures. Aluminum
nitride or sapphire is used as a high thermal conductivity substrate on which the emitter, electrode structure and
resistive heater are deposited. Ta or Pt (400 mn) is used as the base electrode film with a thin (5 run) Ti under layer
to ensure bonding integrity to the substrate at elevated temperatures. The emitter is some composition of BaCaAIO,,
SC203and W depending on the desired film composition. BaSrCaO, has also been used as an alternate oxide layer.
The mixed oxides are deposited from single targets with compositions (mole fraction) of 4:1:1 and 47.5:47.5:5
Ba:Ca:Al and Baf3~Ca, respectively. The W and mixed oxide films are deposited sequentially in a modulated or
layered structure with a relative thickness and period dependent on desired properties. Select surface termination
layers are also deposited to tailor emission properties. Both substrate temperature and plasma pressure are varied to
tailor the porosity of the resulting films.
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Emission testing is conducted in an ultrahigh vacuum system maintained at ,a base pressure of less than 1X10-7Pa.
The emitter is resistively heated by passing current through a 600 nm Ta film deposited on the back of the substrate.
Pd wire is bonded to the emitter electrode structure to establish electrical connection to the cathode. This emitter is
mounted on a manipulator that can be translated to various positions within the vacuum chamber. A molybdenum
electrode, of equivalent dimensions to the cathode, serves as a collector for emission tests. This collector is mounted
on a second micrometer driven manipulator providing for an adjustable inter-electrode gap down to 10 pm in
dimension. The gap distance is measured by noting the position of electrical contact with the emitter and retracting
the collector a measured distance. A Keithley 237 source-measure unit is used for electrode potential control and
current measurement. Emission is generally evaluated at a 100 to 150 pm gap spacing. Surface composition is
tracked by translation of the sample to the focal point of a Physical Electronics 12-150 cylindrical mirror analyzer
and conducting Auger electron spectroscopy. Beam currents are kept to less than 1 @cm-* to minimize stimulated
desorptive damage to the films.

KESULTS AND DISCUSSION

A highly intermixed, porous film results with heating a compositionally modulated W/BaCaAIOX film to moderate
temperatures. Figure 1 shows backscattered electron images of a 10 nm W/20 nm BaCaAIOXfilm as-deposited (a)
and after annealing to 1300K (b). This film is terminated with a 3.5 mu Re/2 nm SC203layer. The alternating light
and dark bands in the as-deposited film correspond to W and BaCaAIOX,respectively. The terminating layer is not
seen in these images because its thickness is only a IYaction of the W or BaCaAIOX interlayer thickness. Well
resolved bands are dominant in the as-deposited material while additional structure appears with annealing.
Annealing produces apparent coalescence of the W resulting in voids distributed along the original W layers. These
voids are visible as dark spots in Figure lb. These voids may represent possible pathways for facile transport of free
Ba (BaO)to the emitter surface. This level of structural modification in the film does not appear to drive surface
morphological changes. Atomic force and scanning electron microscopy conducted on samples known to retain a
uniform Re coating up to 1300K show that the as-deposited surface morphology is largely unchanged.
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FIGURE 1. BackScatteredelectronimagesof a 1 pm thickcompositionallymodulatedfilm– a) as-depositedandb) annealedto
1300K.The filmappearsin the upperportionof the micrograph(bandedregion)and is comprisedof alternating10MUW (light)
and 20 nmBaCaAIOXlayers (dark)with a 3.5 MURe/2mu S~03 terminatinglayer (not visible). The tilck bright bands below
the modulated film are the metal electrode layers.

The process of W coalescence with film annealing is experimentally confirmed using x-ray difilaction. Figure 2
shows a series of diffraction spectra acquired at a 2° grazing incidence angle while annealing a 10 nm W/10 nm
BaSrCaOXmodulated film from 298 to 1300K. The data show that the original 10 nm W interlayers do not produce a
coherent diffraction feature. Annealing the film produces a feature at 40.3° below lOOOKthat continues to grow in
intensity and narrow in width. These observations ye consistent with the coalescence of W particles. W coalescence
is preceded at 900K by the appearance of an intense feature at 28.5°. This peak is consistent with a Ba, Sr or mixed
tungstate (WOXn-)phase. The presence of the tungstate signals the reduction of Ba2+in e ~n~i al oxide as some
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fraction of W becomes oxidized. This data demonstrates that the mechanisms used for Ba generation and transport
in macro-dispenser cathodes can also be built into thin film structures.
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FIGURE 2. GrazingAngle (2°)IncidenceX-rayDiffractionspectraof a 10nm W/20nm BaSrCaOXmodulatedfilm as a
functionof annealingtemperature-a) 298,b) 900, c) 1000,d)l 100,e) 1200,and t) 1300K.

Ba is transported to the sufiace of the compositionally modulated films at moderate temperatures. Figure 3 shows
the relative surface concentrations, as determined by Auger electron spectroscopy, with increased annealing
temperature of the film. This data was acquired over a 14 hour time period with holds at individual temperatures
ranging from 30 minutes to 3 hours. Initial levels of near-surface Ba and O are less than 11 and 5 atomic percent
respectively and result from sampling the first BaCaAIOXlayer beneath the 3.5 mu Re/2 nm SC203terminating layer.
Ba and O signals start to increase below 900K and saturate above lOOOK.These increases correlate with decreased
Re indicating that either Ba and O transport to the surface and then diffuse laterally covering the Re surface or that
Re starts to cluster on the surface exposing the underlying BaCaAIOX layer. Large scale Re nucleation can be
eliminated as a possibility because no measurable increase in Ca signal is observed. It is interesting to note that Sc
does not appear to move toward the surface during this transport process. Scandium appears to play a key role in
establishing a favorable surface dipole for emission (Zagwijn, 1997). It appears as if Sc is not being utilized in this
film. The oscillation in the Re signal observed from 870 to lOOOKappears to be the result of CO/C02 adsorption
onto Re sites, and subsequent signal reduction due to electron scattering, as evidenced by a corresponding oscillation
in C signal (not shown). The fact that Re is available for adsorption suggests that complete Ba coverage does not
occur. Both CO and C02 are observed in mass spectrometric measurements conducted during annealing. These
results demonstrate that this type of film becomes activated for electron emission at temperatures as low as 900K
and that a Ba/O modified Re terminating layer is the surface responsible for emission.

Electron emission measurements show that annealing these compositionally modulated films produces a low work
finction, emissive surface. Figure 4 shows the emission current response of a W/BaCaAIOXfilm as a fi,mctionof the
square root of the applied field (Schottky format). A Schottky format is used to extract zero applied field current
density values as a function of temperature. These values are used to determine the work fimction and apparent
emission coefficient using the Richardson-Dushmann equation, provided emission is stable over the temperature
range investigated. The rapid transition to a linear response for these curves at relatively low fields (above 200
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FIGURE 3. Variation in near surface composition of Re, Sc, O, and Ba as a fimction of amealing temperature. Composition
measured by Auger electron spectroscopy at the indicated temperature for a 10 run W/20 mu BaCaAIOx modulated film with a
3.5 nm Re/2 nm Sq03 terminal layer.
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FIGURE 4. Schott@ plot showing the variation in emission cument from a 10 nm W/20 nrn BaCaAIOx modulated film with a
3,5 nm Re/2 nm SCZ03terminal layer as a fimction of applied field for various temperatures - a) 1061K, b) 1003K, c) 973, d)
939K, e) 934K and Q 921K.



V.cm-’) indicates saturated emission, a true Schottlg response and no discernible space charge. A sharp transition is
observed in the emission current at a field of 200 V“cm-’. This field marks the point at which the collector work
fimction becomes less than that of the modified emitter (due to the applied field) and no fi.uther electrostatic
barrierwithin the inter-electrode gap exists as a restriction toward electron flow. The fact that the transition is so
sharp indicates a uniformly emitting surface with a narrow energy distribution for the work fi,mction. This property
would be expected for a Re metal surface covered by a uniform Ba/O surface complex. Unfortunately, a work
finction and apparent emission coefficient cannot be extracted from the data of Figure 4 due to instability in
electron emission as the surface composition and structure apparently evolve over this temperature range.

Emission becomes sufficiently stable with annealing to a temperature of approximately 1200K. Analysis of emission
data generated with annealing to 1200K yield a work function of 2.2 eV and an apparent emission coefficient of 6
A“cm-2”K-2,These values compare to a 1.4 eV work fimction and an apparent emission coefficient of 7 A.cm-2.K-2
found for a Re/Sc modified macro-dispenser cathode (Giirtner, 1997). The Re surface concentration is reduced to
less than 5 at.% at these higher temperatures and the emission curves lose their sharp, low field transition point. The
combination of this moderately low, distributed work fiction and the surface Re loss indicate that at 1200K these
films are converted to essentially oxide cathodes.

The high value of the apparent emission coefficient is a favorable property producing significant current density at
moderate temperatures. This film can ,be used to produce small levels of power by relying on only the emitter-
collector work fi.mction difference across a small gap spacing. Figure 5 shows the results of a current density
measurement with time for a zero applied field using a Ba coated Mo collector. A value of as great as 8 mA”cm-2is
measured at 1200K for a gap spacing estimated at 100 pm. We estimate the emitter-collector work fhnction
difference to be 1 eV indicating that milliwatts of power are being generated.

9.OE-03

8.OE-03

~
~ 7.OE-03

w%
~ 6.OE-03

b

N 5.OE-03
@

“~ 4.0E-03
c

g 3.OE-03
$

~ 2.OE-03
c)

1.OE-03

O.OE+OO

o 0.5 1 1.5 2 2.5 3 3.5 4 4.5

Time (hr)

FIGURE 5. Maximum diode current density measured for a 10am W/20 nm BaCaAIOXmodulated film at zero applied
field, The discontinuities in current density area result of gap adjustments to eventually produce an approximate 100 ~
spacing between emitter and collector.
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Some degree of tailoring the film structure at elevated temperatures appears possible. Characterization of a series of
W/BaCaAIOXfilms shows that the annealing temperature and integrated time at temperature where the uniform Re
surface layer is lost is variable. A continuous Re layer is observed at temperatures of 1180K, for some samples. In
addition, attempts to add activators (specifically C) to facilitate Ba reduction and transport through the film bulk
yield surfaces that retain a uniform Re coating to a temperature of 1300K. Atomic force and secondary electron
microscopy show that these films also maintain their original morphology. Scanning Auger images show that Ba
exists flom the bulk of the film at a low density of small sites distributed across the surface and then difises
laterally across the surface. Coupling these characteristics with utilization of Sc in the emitting surface complex
suggests that films possessing a homogeneous work function as low as 1.2 to 1.4 eV may be achievable with film
tailoring (Zagwijn, 1997).

CONCLUSION

Our results show that a thin film dispenser or micro-dispenser cathode can be generated using standard deposition
technology. Measurements shows that stable emission is produced from a moderate work fimction, high apparent
emission coefficient surface. Preliminary emission measurements of these films using a barium covered Mo
collector show that current densities of 8 mA”cm-2 can be achieved at 1200 K and zero applied field. This
demonstration of energy conversion relying only on an emitter-collector work fiction difference is the first step in
developing a film suitable for a moderate temperature, miniature diode. We envision the use of this me of film in
Sandia’s Microminiature Thermionic Converter (MTC) diode producing milliwatt and greater power levels. Our
deposition methodology allows for the flexibility to fiu-ther tailor the structure/composition and optimize the
emission properties of this type of film. Ideally, a much lower work Ilmction in the 1 to 1.2 eV range is desirable
while maintaining a relatively high emission coefficient. Our current focus is on optimizing emission from these
films by tailoring the deposition process.
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