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ELECTRONIC SURFACE STUDIES OF VACUUM-
INTEGRATED-CIRCUIT COMPONENTS

INTRODUCTION

Electronic devices are needed that can withstand severe military environments such
as high temperature and mechanical shock as well as nuclear radiation which might be
encountered during guided-missile reentry into the atmosphere. Standard vacuum tubes,
which are more radiation resistant then any known semiconductor, are bulky, have large
power requirements, and together with their associated circuitry cannot tolerate some of
the mechanical shock and high-temperature ambient conditions (e.g., 650 C). Semi-
conductor devices (e.g., ICs), though avoiding the size and power requirements of standard
vacuum tubes, also cannot operate at the elevated temperatures required. A new tech-
nology which shows promise is the vacuum-integrated-circuit (1, 2). In addition to
exhibiting the radiation resistance of vacuum tubes, vacuum-integrated-circuits can operate
in high-temperature environments. They offer the advantages of high density, light weight,
and ruggedness at a potentially low cost.

In this technology the approach is to design and develop microelectronic devices by
the use of "vacuum-tube" electrodes deposited on a microelectronic chip. The chip is
heated to approximately 6000C such that the cathode electrode emits electrons. The
electrons are controlled by a coplanar grid electrode which is followed by one or more
anode electrodes. Many of these miniature "vacuum tubes" would be deposited onto and
interconnected on the same sapphire chip to provide the desired circuit function.

Though these devices show great potential, many questions must be answered prior
to device development. Some of these questions concern the determination of: (a) the
actual emission properties of the photolithographically delineated emissive material,
Kodak Thin-Film Resist (KTFR) oxide-coated cathode (b) the surface-potential varia-
tions in the cathode and grid structures, and (c) migration and transport of emissive
materials, diffusion of electrode metallization, and the poisoning effects, which occur at
the high operating temperatures of these devices. All the previous factors determine how
active components (e.g., diodes, triodes, pentodes) will have to be designed. This report
describes someinitial work on the electron-emission capabilities of KTFR cathodes as
well as surface studies carried out on a pentode component by means of the Scanning
Low-Energy Electron Probe (SLEEP) and an Auger spectrometer.

ELECTRON-EMISSION PROPERTIES OF
KTFR OXIDE-COATED CATHODES

Oxide-coated cathodes made from alkaline earth oxide mixtures have been used for
many years as sources of electrons in vacuum (3 - 5). The usual method of applying such
emissive coatings is by spraying, although other methods such as cataphoresis, dragging,
and applications of sheets of binder and alkaline earth mixtures have also been used.
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These methods, however, generally produce coatings which are rather fragile and cannot
easily be delineated into very small emitting areas of arbitrary size and shape. By replac-
ing the standard methylamylacetate nitrocellulose binder solution with KTFR, one can
use normal photolithographic techniques to delineate emission areas to almost any planar
size and shape (1, 2). However, realizing that oxide-coated cathodes are known to be
sensitive to minute amounts of impurities and to excessively large amounts of carbon,
the emission properties of KTFR oxide-coated emitters were studied.

The KTFR oxide-coated emitters* were prepared by depositing a solution of approxi-
mately 70% by weight of triple carbonate powdert and 30% KTFR negative photoresist
binder onto an RCA N109 3-mm-diameter planar nickel emitter structure which was
heated indirectly. After spinning the structure at 5000 rpm to remove excess photoresist
binder mixture, the resultant emissive layer was approximately 25 pm thick. The emitter
structures were then exposed to normal white light to polymerize the binder. They re-
mained at atmospheric pressure until tested.

The emitters were studied in a 75-1/s Vacion/Vacsorb pumped UHV chamber designed
specifically for electron-emitter studies. The chamber housed a copper anode cooled by
turbulent-fast-flow water, a movable molybdenum shutter to prevent conversion products
from contaminating the anode, and a planar guard assembly to minimize edge effects.
Pt/Pt-10% Rh thermocouples 75 pm in diameter were attached to the edge of the emitter
surfaces for temperature measurements. After baking at 300 C for 8 hr, the base pressure
was in the 1 0-1u torr range. Emitter conversion was accomplished by heating the emitter
slowly such that the pressure was kept below 4 X 10-6 torr. Activation took place by
heating to 1000 - 1065 C for about 2 min and then drawing space-charge-limited emis-
sion of approximately 0.1 A/cm 2 for 30 min at 910 C (P 10-9 torr).

For a determination of the work function from emission measurements, an accurate
knowledge of the emitter temperature is essential, and it is common practice to use
optical or infrared pyrometers for this measurement. Since these pyrometer measure-
ments must be corrected for the spectral emissivity of the emitting surface, a Pt/Pt-10%Rh
thermocouple was used to determine the optical and infrared normal spectral emissivity
(N = 0.65 um and X = 2 - 2.6 pm respectively) for the KTFR emitters. The results were:

ex(X = 0.65 pm) - 0.8 for T 1020 - 1090 K

ex(X = 2 - 2.6 pm) 0.3 for T 710 - 1090 K

These spectral-emissivity values are somewhat higher than those of standard oxide
cathodes, where a value of e,(X = 0.65 pm) 0.25 - 0.3 is normally used. The visual
coloration is also somewhat more grayish in appearance due to the higher carbon content
remaining from the KTFR binder, a fact that was also confirmed by observing an un-
usually large carbon peak on these cathodes using Auger-electron spectroscopy. However,
a more rapid conversion of KTFR cathodes would provide greater oxidation of residual
carbon by the increased CO2 pressure from the alkaline earth carbonate decomposition.
This results in a more whitish appearing surface or one having a somewhat lower spectral

*The KTFR cathodes were supplied by B.V. Dore, Electron Emission Systems, Inc., Tucson, AZ. 85713.
fSylvania C14 powder containing 45% barium carbonate, 51% strontium carbonate, and 4% calcium

carbonate with a particular size of 1.2 ± 0.3 lam, obtained from GTE Sylvania, Emporium, PA. 15834.
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emissivity.* Consequently, unless e. for a specific emitter is known, temperatures de-
termined optically might be in error by ±50 K. For this reason, only thermocouple
temperatures were used in these measurements. As a final check, the thermal emf
generated in the emitter-thermocouple structure was measured in a separate calibrated
oven after the emission experiments and was found to be accurate to within ±10 K.
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Fig. 1-Pulsed Schottky plots on a 3-mm-diameter planar
emitter. The pulse width was 200 s, with a pulse repeti-
tion rate of 60 pps.

Figure 1 is a sample set of pulsed Schottky plots taken on one 3-mm-diameter planar
emitter. The pulse width was 200 gs, with a pulse repetition rate of 60 pps. No
significant decay in emission was observed during the pulse. The Schottky slopes fell
within 10 - 15% of the theoretical value of 1.91/T, as determined by

1og10 j = 1g 1 0 j0 + T V (1)

where j and jo are the current density (A/cm2 ) at field values of F (V/cm) and zero
respectively and T is the temperature m degrees Kelvin. The Schottky curves are quite
straight beyond the space-charge region, indicating a relatively uniform or patch-free
emitter. Figure 2 is a plot of the effective work function OE(T) defined by

(2)j 0(T)= 120T2 10- 5 0 4 0 E(T)/T,

where jo(T) is the extrapolated zero-field current density obtained from Schottky data of
the type given in Fig. 1 and OE(T) is in volts. Both the pulsed and dc Schottky data

*B.V. Dore, private communication.
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Fig. 2-Effective work function OE(T) vs temperature T for
both pulsed and dc measurements of KTFR cathodes. The
solid points are the average 0E(T) for seven standard sprayed
oxide-coated cathodes.

measurements from which the data in Fig. 2 were derived were taken dynamically using
logarithmic and square-root amplifiers. Figure 2 shows that the pulsed and dc effective
work functions are approximately equal and that the temperature dependence of OE is
approximately 6.3 X 10-4 eV/K. Scatter in OE' which is ±50 mV, is the result of normal
variations in emitter preparation, composition, tube processing, etc. For comparison pur-
poses, Fig. 2 also shows the average pulsed E(T) of seven sprayed oxide-coated cathodes.
Scatter in the sprayed cathodes was comparable to the KTFR emitters. Consequently, it
is seen that even though the residual carbon content might be higher, the oxide cathodes
using KTFR as the binder are comparable in emission to standard sprayed oxide-coated
cathodes.

MEASUREMENTS USING THE SCANNING LOW-ENERGY
ELECTRON PROBE AND AN AUGER SPECTROMETER

Surface potential and chemical studies were also made on pentode devices which
were obtained from Electron Emission Systems Corporation of Tucson, Arizona. The
pentodes were fabricated by sputtering approximately 2000 A of tungsten onto a sapphire
substrate and photolithographically delineating all electrodes. The cathode was prepared
from the KTFR oxide cathode mixture described in the previous section. The cathode
area was also delineated on the tungsten-substrate electrode by photolithographic tech-
niques. Figure 3 is an optical photomicrograph of one pentode device taken with both
reflected and transmitted light. The sequence of electrode widths and spacings (in mils)
starting from the far right (the grid which surrounds the cathode) is: 2, 2, 4, 2, 4, 2, 2, 1,
2, 2, 2, 2, 2. The length of the cathode is 0.100 in. The white dots are holes in the
sputtered tungsten heater film which was deposited on the rear surface of the sapphire
chip. The device was inserted into the combined SLEEP (6) and Auger-spectrometer sys-
tem shown in Fig. 4.

The system was exhausted to a base pressure of approximately 10-10 torr. The
spectrum of the background gas, measured with the quadrupole mass spectrometer, is
shown in Fig. 5. It is seen that ambient gases consist of typical residual H29 He, CH3
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Fig. 3-Photomicrograph of a vacuum-integrated-circuit pentode device
on a sapphire substrate. On the right is seen the cathode surrounded by
the control grid. To the left of the control grid are the screen grid, sup-
pressor grid, anode electrode, and repeller grid. The length of the
electrodes is approximately 0.100 in., and the sequence of electrode
widths and spacings (in mils) starting from the far right is 2, 2, 4, 2, 4,
2, 2, 1, 2, 2, 2, 2, 2.
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Fig. 4-UHV experimental chamber in
which the vacuum integrated-circuit
pentode devices were studied.

CH4, HF, CO, N2, CO2 etc. The device was activated by heating at a rate of 30 C/min
to 750 C, and then at 15 C/min to the activation temperature of approximately 900 C
(brightness). Figure 6 is a SLEEP kinescope photograph of the surface work-function
topography of the pentode device. The light areas are regions of low surface potential
(work function), and the dark areas are regions of high surface potential. The work func-
tion of the cathode was about 2 eV, as measured with both thermionic-emission techniques
using Schottky plots, as described in the previous section, as well as with retarding-
potential techniques using a < 114 > tungsten single crystal as the reference work
function. The gaussian half width in the work-function distribution was measured to be
0.1 eV.
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Fig. 5-Spectrum of the background gas in the
UHV chamber shown in Fig. 4. Note that the
gas load consists of the typical gases H2 , He,
CH3, CH4, HF, CO, N2 , C0 2 , etc.
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Fig. 6-SLEEP kinescope display of the surface work-function
topography of the pentode device. The light areas are regions of
low work function, and the dark areas are regions of high work
function. The work function of the cathode is about 2 eV.
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Fig. 7-SLEEP kinescope display of the pentode device after
about 250 hr at 700'C. The variation in cathode work function,
indicated by the upper and lower central arrows, ranges from
approximately 4.25 to 4.00 eV respectively. The variation of
surface potential of the control grid which surrounds the cathode,
indicated by the top and bottom arrows, ranges from approxi-
mately 4.75 to 3.75 eV respectively.

After about 250 hr at 700 C, the emitter work function had degraded and become
nonuniform, as is shown in the work-function kinescope picture, Fig. 7. The variation in
cathode work function, from 4.25 to 4.00 eV, was obtained from the regions indicated
by the upper and lower central arrows respectively in Fig. 7. The surface potential of the
grid surrounding the cathode also showed variations ranging from 4.75 to 3.75 eV, which
were obtained from the regions indicated by the top and bottom arrows respectively.

Auger-electron spectra of the high- and low-surface-potential regions of the grid
structure are shown in Fig. 8. Region A is that of high surface potential (upper arrow in
Fig. 7), and region B is that of low surface potential (lower arrow in Fig. 7). It is seen
that the lower-surface-potential region is associated with a higher amount of carbon and
sulfur on the surface and a smaller amount of tungsten. A possible reason for the lower
surface potential of region B is the formation of a tungsten carbide whose work function
is lower than that of the more typical oxygen-covered tungsten.

Figure 9 is an Auger spectrum of the emitter surface which shows the barium and
oxygen peaks, as well as a strong peak due to the residual carbon remaining from the
photoresist binder, in agreement with the spectral emissivity measurements of the previous
section. The barium/oxygen peak-height ratio is identical to that obtained from an
evaporated film of pure barium oxide used for calibration. Also seen in the Auger spec-
trum are peaks due to sulfur and small regions of the tungsten substrate.

Figure 10 is an Auger spectrum of the Al 2 03 substrate surface. It shows the typical
aluminum peak at 1396 eV and an oxygen peak at 506 eV. The characteristic downward
shift of the oxygen peak from k52 eV (Fig. 9) is indicative of the restructuring of the
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Fig. 8-Auger-electron spectra taken on the pen-
tode device shown in Fig. 7. Region A is that of
high surface potential (top arrow in Fig. 7), and
region B is that of low surface potential (bottom
arrow in Fig. 7).
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Fig. 9-Auger-electron spectrum of the pentode's
cathode made from the KTFR oxide cathode mixture.
Also, in addition to the expected oxygen and barium
peaks, is the large carbon peak remaining from the
photoresist binder.
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Fig. 1-Auger-electron spectrum of the A1203 substrate sur-
face after extensive heating. Note the 6-eV downward shift of
the oxygen peak (from 512 to 506 eV) due to the restructing
of the oxygen energy levels in forming the alumina molecule.
The shape of the oxygen peak is also altered from that seen in
F ig. 9.

oxygen energy levels in forming the alumina molecule. Also evident on the substrate are
slight barium and sulfur peaks and a substantial carbon peak.

One of the main areas of interest for vacuum-integrated-circuits is determining the
extent of migration of cathode material onto various electrodes and the dielectric-sub-
strate areas which separate them. Figure 11 is an enlarged kinescope photograph of the
central portion of the cathode and its surroundings. This scan was taken after extensive
heating at about 900 C for about 200 hr to study the effects of migration of low-work-
function material (e.g., Ba and 0). The emitter (dark region), had been completely
poisoned; regions of tungsten substrate material (originally of high work function) onto
which no cathode material was deposited showed a slight migration of low-work-function
material (arrows). The dark region between the electrodes has a surface potential of 6
eV. Though some barium is on this sapphire surface (Fig. 10), it does not appear to
appreciably alter the surface potential. Specifically, the amount of migration along the
tungsten lead to the cathode was approximately 60 pni (right-hand arrow), and the left
edge of the tungsten-electrode substrate of the cathode, which was not covered with
photoresist emissive material, was now completely covered with low-work-function
materials. This stripe is about 15 ,um wide.

In addition to surface-potential measurements on the pentode device using the SLEEP,
the device was also studied using incident electrons with energies from 0 to 600 eV.
Figure 12 is a kinescope display when the SLEEP apparatus is operated in the scanning-
electron-microscope (SEM) mode with an incident electron energy of 600 eV. The second-
ary-electron topograph shows a definite device defect which connects the anode electrode
to the suppressor grid (in the lower left portion of the device). Such a defect could cause
partial electrical shorting between electrodes. In this case, however, the electrical degrada-
tion between these two electrodes was masked due to the overall low resistance between
electrodes discussed in the next paragraph.

Serious charging of the sapphire substrate by electrons incident on it (using the
SLEEP electron beam) was observed on the initial cold substrate. The charging effect,
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| Ill

Fig. 11-SLEEP kinescope display of the central portion of the
cathode after extensive heating at about 900 C for 200 hr. The
cathode is completely poisoned. The right arrow shows that low-
work-function material has migrated about 60 m down the
cathode lead, and the left arrow shows that the 15-pm-wide
portion of the tungsten substrate electrode not originally covered
by emissive material is now covered.

Fig. 12-Secondary-electron kinescope display for incident elec-
trons of 600 eV. A large defect interconnection between the
anode and suppressor grid is seen in the lower left portion of the
device.

10



NRL REPORT 7641 11

however, completely disappeared after heating and activation. This is probably the result
of a decrease in the surface resistance of the sapphire substrate after activation of theo
cathode. In fact, after activation the resistance between grids varied typically from 2000
to 4000 ohms when cold to about 1000 to 2000 ohms when heated to 700 C. These rr
measured resistance values are orders of magnitude less than that which would be expected G

for a clean A1203 surface. This extremely low resistance, which eliminates the charging
effect after activation, is probably caused by the slight barium (or perhaps carbon) layer
shown in Fig. 10.

Though the sapphire substrate between grid and cathode has a relatively high work
fuiction even after extensive heat treatment, a shading in work function is seen on the
grid electrode surrounding the cathode (Fig. 11). The sides adjacent to the cathode have
a lower work function than the sides farther away from the cathode. However, this dif-
ference in work function is not as large as that caused by the carbon and sulfur variations
noted in Figs. 7 and 8.
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Fig. 13-Variation in surface potential between the
repeller and anode leads when a 5-V potential dif-
ference is placed between them. The short horizon-
tal lines above "gnd" and "anode" mark the fermi
levels of the two leads. The 0 of potential has been
arbitrarily placed at the vacuum surface of the re-
peller lead (gnd).

The variation in surface potential between the repeller and anode leads when a 5-V
potential difference is placed between them is shown in Fig. 13. The ordinate is &abitrar-
ily set at 0 V for the surface potential of the sapphire next to the repeller lead. This is
about 6 eV above the Fermi level, e., the work function of the sapphire is about 6 eV.
It is seen that the surface-potential variation in the A1203 is not quite linear, indicating a
somewhat higher surface field (and perhaps higher resistivity) near the anode region. The
anode-electrode work function for this particular case was -4 eV (or t2 eV lower in sur-
face potential than the A1203); the repeller electrode had a work function of 5 eV (or
z1 eV lower in surface potential than the A1203).
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CONCLUSIONS

* The KTFR-cathode emission is the same as the standard-oxide-coated-cathode
emission.

* The spectral emissivity e depends on the cathode activation procedure. Dif-
ferences in reported work functions (7) for KTFR cathodes might be a result of this un-
certainty in e.

* The KTFR cathodes have a high residual carbon content.

* The pentode cathode, which was obtained from Electron Emission Systems,
Inc., was easily poisoned in the UHV experimental chamber which was used for these
studies. (Residual sulfur might have contributed.)

* Surface-potential differences of t1 eV appeared in various regions of the grid
electrodes. These potential variations, which seemed to be correlated with differences in
carbon and sulfur, can cause appreciable offset-voltage characteristics for different regions
of the device.

* Though very slight barium migration (<100 jim) was observed on the metal sub-
strate, evaporation and vapor transport caused barium from the cathode to appear on
leads, electrodes, and substrates. However, in no case did this cause a lowering in the
work function approaching that of fully activated cathodes. Consequently, no extraneous
emission from these electrodes would be expected.

* No appreciable surface charging was observed, but this was probably due to the
lowering of the surface resistance of the Al 2 03 caused by evaporated barium, carbon, etc.
during activation of the cathodes.

In summary, the KTFR emitter is capable of providing the excellent electron emis-
sion of oxide-coated cathodes and can be delineated into small areas of any desired shape
and size. However, procedures must be found to prevent impurity constituents, which are
released during processing as an IC component, from poisoning the cathode, causing low-
resistance paths between electrodes and forming significant potential variations on the
electrodes themselves.
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