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Electron field emission from selectively contaminated cathodes
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Abstract. The electron field emission from various kinds of particles (~20um) placed
on plane cathodes has been measured in an SEM modified by the addition of a scanning
anode tip. Results are similar for cathodes of Au (oxide-free) and Nb (with thin
insulating native oxide). In general no emission is found from insulating particles
(Al1203, 5102) or particles with insulating oxides (Nb, Ti) up to fields at least as high as
100 MV/m. while oxide-free particles (Ag, Au) and those with a conducting oxide (Fe)
tend to emit strongly at much lower fields. Anodizing the Nb cathode surface to >200nm
produces no significant change in emission; after initial emission the particle/substrate
contact is found to be conducting. With rare exceptions, these results are consistent with

a classic metallic projection model.

[. INTRODUCTION

The study of anomalous field emission (AFE) from broad-area electrodes has a long
history.!2 The existence of electron emission at fields some hundreds of times smaller than
expected theoretically for ideal metal surfaces causes problems in several domains; in particular,
the maximum fieids attainable with superconducting radio-frequency (RF) particle accelerator
cavities are presently limited by this phenomenon? AFE is known to be a localized
phenomenon, resulting most commonly from particles located on or in the surface of an
electrode. The mechanism(s) responsible for the emission are not clearly understood though
several candidates have been proposed.*

[n this paper we report a study of the electron emission from particles of various
materials placed on plane electrodes (Nb and Au), and subjected to steady fields. Our apparatus
consists of a scanning electron microscope (SEM) adapted for efectron emission studies by the
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addition of a scanning “point” anode. or tip. The work was undertaken primarily in an
empirical spirit—to identify the kinds of particulate contamination that may be most injurious to
RF cavity operation, and hence to be particularly avoided in the fabrication and mounting of
such cavities. Previous work with intentionally introduced particles has been carried out. but
was limited to a very few types of particles (pencil graphite and Aquadag;” pure graphite.
MoS-. and sulfur®). not necessarily those most likely to appear accidentally on RF cavity

surfaces. We have broadened the spectrum of particie types tested to include some of the latter.

In addition. we also tried to make our study broad enough to allow some generalizations
about the conditions necessary for AFE. ldeally one would want to test proposed models by
microfabricating well-characterized structures. Without undertaking such an ambitious
program. we try nevertheless to use our results to comment on the validity and applicability of

some of these models.

II. APPARATUS AND PROCEDURES

A. Scanning field emission microscope

Our main apparatus is based on a commercial SEM (Cambridge Stereoscan 120), with
an energy dispersive X-ray (EDX) detection system allowing us to identify elements with
atomic numbers down to 6.7 To permit electron emission studies, a tungsten anode. tip radius
~50 um, i1s mounted in the SEM sample chamber at the end of an arm, the position of which
can be changed externally in each of three directions. The anode can be retracted during SEM
and EDX examination of a sample. For emission studies, the anode is placed a known distance
from the sample, and the latter is displaced refative to the anode with motion feedthroughs
controlled either manually or by stepping motors.

A connection to an external high-voltage power supply, in series with a 200-MQ
protective resistor, allows us to apply up to 5.5 kV to the anode. Any current flowing between
the anode and the sampie (itself at essentially ground potential) is registered on a picoammeter
(Keithley 485). The sensitivity and stability of the system allows us to detect emission currents
greater than a few picoamperes. -

The SEM chamber pressure is normally about 1x10-6 torr. We have not observed any
dependence of emission on pressure in the range between 5x10~7 and 1x10-5 torr.,

B. Sample fabrication

Cathodes. Our cathodes are typically lcm wide, 1-2 cm ong, and 1mm thick. Two
matenals have been used— Nb (the material of choice for the superconducting cavities that
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motivate our work) and Au (to provide an oxide-free surface). Nb electrodes are
electropolished.® to produce a flatter surface than the standard chemical etch treatment typically
used in cavity studies. They are then rinsed with water and alcohol. agitated ultrasonically, and

aiven a final alcohol rinse.

To avoid the toxic chemicals necessary for electropolishing Au, these electrodes are
polished mechanically with an alumina slurry. then rinsed with water and alcohol. Any
remaining alumina particles can easily be detected with the EDX system and eliminated from

further consideration.

Some of the electropolished Nb electrodes are anodized” to produce a thick oxide
coating. In general, we use a single electrode, anodized over half its surface, for comparing

emission with and without a thick oxide interface.

Contamination. The particles used as contaminants have been obtained from various
sources, as described more specifically below. In general, we try to work with particles
roughly 20 um in size. though we have found no indication that size plays an important role in
the emission process.

[nitial attempts at contamination by simply sprinkling particles on a clean, dry electrode
met with failure; in virtually every case, the application of even a low électric fieid to the particle
resulted in its disappearance (undoubtedly by electrostatic attraction to the nearby anode). A
similar effect was earlier reported by Niedermann, !® who found it necessary to affix MoS»
particles to a Nb substrate by heating them to 800°C. To hold our particles in place, we use a
different technique: The substrate is held in the cool vapor above a beaker of boiling liquid
nitrogen until a thin layer of moisture is evident on its surface. The particles are sprinkled on
the moist surface which then dries as it warms to ambient temperature. With this treatment. the

great majority of particles resist electrostatic detachment at even our largest applied fields.

C. Experimental procedure

For each of a number of particles on a given substrate, our standard procedure consists
of the following:

Barticle selection. This is done according to desired size (typically 15-25 um),
separation from other particles (great enough to avoid confusing its own emission with any
from its neighbors), and composition (that of an intended contaminant particle, as verified by
EDX).

Geometrical parameters. Particle height is measured with the sample rotated so its
surface is nearly vertical, parallel to the SEM electron beam. The sample is then restored to its

normal honzontal orientation and the anode tip is moved laterally to a position some 100um



TESLA-Report 1993-14

away from the particle. Bringing the tip carefully into contact with the substrate (as seen by the
appearance of an anode-substrate current. resulting from the small stray voltage persisting on
the anode). we then raise the tip a selected distance (typicatly S0um, as read on the micrometer
controlling the vertical positioning of the anode).

Emission scan. At each of a series of increasing voltages, the anode is scanned in the
vicinity of the particle.” If and when a clear emission current (defined as roughly 100 times
above background. or several hundred pA) is eventually detected, the voltage is reduced and the
anode is positioned so as to maximize the current, maintaining a constant anode/substrate
separation. and always ensuring that the current does not rise above the level originally
detected. The minimum voltage at which a significant current (typically, several pA) can be
detected is recorded as the threshold vottage. The voltage is then switched off, the SEM beam
(which was off during the scan) is restored, and we verify that the final position of the anode is

indeed above the particle.

D. Determination of fields

As we are mainly concerned with comparing emission among various kinds of particles
and surfaces, precise values of the relevant threshold fields are not important. Thus we specify

these fields using different approximations according to the nature of the particle studied.

Insularor. We approximate the field in this case as simply E = V/d, where d is the
anode/cathode separation and V the potential difference. This is a good approximation under
the conditions, roughly fulfilled here, that the anode radius is greater than or equal to the
separation «.!! We neglect any effect due to the dielectric constant of the particle; that is, we

deal only with the macroscopic field applied to the particle.

Conductor. Here we take E = V/(d—h), where h is the height of the particle; that is, we
take the effective anode-cathode gap to be that between anode and metallic particle. In the
presence of an oxide layer insulating the particie from the substrate, we take this to be a

reasonable approximation that results at worst in overestimating the field.

IIT. RESULTS

A. Particles on Nb with native oxide layer

We have studied seven kinds of particles: Al2Os, SiO», Ag, Au, Fe, Nb, and Ti. For

discussion of their emission, they can be separated into three classes:

Insulators. Figures | and 2 show the results for Al2O5 and SiO~. With two

exceptions, to be discussed later, we see no emission below a limit of 100 MV/m. (Our SiO»

4.
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came from two sources —powder [97%] obtained commercialtly, and crushed Pyrex glass. The
latter, of course, has a significantly greater impurity content. but this appears to play no role in
inducing emission.)
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scen.

Merals with conducting surface. Figures 3 and 4 show the emission from Au (filed
from a bar of bulk gold) and Fe (commercial powder, 99%). (A further instance of Fe can be
seen below in Fig. 8(a).) Here we observe frequent instances of strong emission. Though
considerable variation is evident from one particle to another, there appears to be no systematic

-difference between particules of these two elements (see discussion below). The emission from
46 other Fe particles, the heights of which were not measured, was consistent with that shown
in these figures, as was that from 4 other Au particles of considerably larger size (40-60 um).
We have also briefly examined Ag particles from two sources (flakes of dried silver paint, and

filings from a bar); their emission is similar to that for Au and Fe.

Metals with insulating oxide laver. As with the insulators, in the case of Nb and Ti
particles (Figures 5 and 6) we find no emission to at least 100 MV/m (with one exception, to be
discussed later). (Both powders were commercially obtained, with purities 99.85% and 99.5%
respectively.)
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B. Particles on Aua

To help clarify the role played by the oxide layer naturally present on Nb substrate
surfaces,'? we also examined the behavior of Fe, Au, and Nb particles on substrates of gold.
where no such oxide is present. Perhaps surprisingly, the results obtained in each case were

similar to those with a naturally oxidized Nb substrate. Fe and Au particles tended to emit. with
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a broad range of threshold fields down to 40 MV/m and even lower. while Nb particles showed

0 detectable emission (with one exception out of 17 particles measured:.

C. Particles on anodized Nb

[na further attempt to clarify the role of an oxide laver between a metallic substrate and a
metallic contamnation particle. we examined the behavior of Ag and Fe particles on anodized
Nb. Figure 71s a SEM photograph of Fe particles across the boundar between natural oside
and 240nm of anodized oxide. The effect of the thick oxide on the contamination particies can
learly be seen in the dark halo around each particle. a well-known SEM phenomenen’’ caused
by the charging of the insulated particles under the impact of the electron beam: no such hajo is
apparent for the particles on the thin natural oxide (~3nm).'* whose conductivity is apparently

sufficient to remove any charge.

FIG. T Fe purticles on a Nb substrate. The right part of the Nb surtuce s naturally
wdized. while thal to the felt s anodized 1o 240nm.

Figure 8 shows the emission from Fe particles on a Nb substrate similar to that shown
in Fig. 7. Strikingly. the presence or absence of the anodized oxide appears to make little
difference. {As the emission from any given particle tends to fluctuate with time. and
uncontrolled factors cause the average emission to vary from particle to particle, the small
ditferences apparent in the figure are not statistically significant.) Figure 9 shows a similar
result for Ag. {As particle heights were not measured. the fields listed are those determined

from the tip/substrate gap.)
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FIG. 8. Emission from Fe particles placed on two regions of a single Nb substrate. (a) Nb with
native oxide film, (b) Nb anodized to 240nm oxide thickness. Dark bars show measured emission;
light bar shows maximum field attained when no emission was seen.
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FIG. 9. Emission from Ag particles placed on two regions of a single Nb substrate. {a) Nb with
native oXide film, (b) Nb anodized 0 270nm oxide thickness. Dark bars show measured emission;
light bar shows maximum field attained when o emission was seen.

One final observation is relevant to the behavior of contaminant particles on an anodized
surface: Whereas initially all these particles charge under the SEM beam as indicated in Fig. 7.
after any particle emits, it loses its ability to charge. An example is shown in Fig. 10. The

particle to the feft, shown in Fig. 1((a} as it appeared before any application of an electric field.
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was then caused to emit by approaching it from the left with the high-voltage anode tip. Figure
10(b) taken subsequently shows that the particle has lost its charging halo. (The right-hand
reference particle is seen to remain charging.)
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IV. DISCUSSION .

A. Theoretical models

As tentative explanations of the phenofﬁenon of AFE. three models have been repeatedly
discussed in the field emission literature. The oldest. the “projection” model,> assumes the
presence of a sharp metailic point protruding from and in good electrical contact with the
cathode. The electrostatic distortion of the field lines in the vicinity of the point gives rise to the
necessary field enhancement. This model has fallen out of favor in recent years. as

.observations of real emission sites with SEMs have failed to reveal projections of sufficient
sharpness.
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In two more recent attempts at explanation, which we refer to as the “oxide™ and
“antenna” models.* AFE is attributed to the presence of insulating materials. The antenna
model assumes an insulating layer between substrate and a superficial metal particle; the
particle, acting as an antenna, serves to increase the electric field in the insulator to the point
where its properties are radically altered. The oxide model assumes a comparable localized
alteration in a superficial insulating particle or oxide layer (without the presence of a metallic
particle) brought about directly by the application of an electric field. Both models have found
support in the reported observation of insulators as well as metallic particles at emission sites.
in the inevitable presence of a superficial oxide layer on many cathode materials, and in

measurements of emitted-electron energy spectra.'*

B. Experimental results

The lack of emission from Al2Os or Si04 is striking. [t suggests at the very least that
the special conditions required by an oxide emission model were not fuifilled to any significant
degree in 55 of the 57 particles of these two insulating materials that we tested. The two
exceptions, where emission thresholds of 72 and 80 MV/m were found, were among the first
insulating particles we examined, before we appreciated the general trend. It is possible that
these particles were misidentified, but it is also possible that they represent rare but significant

instances of emission from insulating particles.

The relatively strong emission from Ag, Au, and Fe particles is also clear. These metals
have oxide-free (Ag, Au) or conducting-oxide (Fe)'? surfaces. Though there is considerable
variation tn emission from particle to particle (due, ne doubt, to-differences in particle shapes
and particle/substrate contacts), and indeed in average emission from sample to sample (due,
we suspect, to differences in the moisture layer used to anchor the particles), it is clear that the
striking difference in emission between these particles and the insulators we examined is real.
it is also clear that the thin layer of patural oxide naturally present on Nb substrates does not
play a major role, at least in our range of fields and currents, as we found little difference in the

emission from similar Fe and Au particles placed on Au substrates.

On the other hand, the lack of emission observed from Nb or Ti particles shows that not
all metallic particles are good emitters. It is well known that when exposed to air Nb!216 and
Ti'7-18 develop superficial inéﬁlating oxide layers, and we assume that it is this layer that
inhibits emission. Further, our experiments with anodized surfaces (to be discussed next)
suggest that 1t is the oxide layer at the particle/vacuum interface (as opposed to that between
particle and substrate) that plays the dominant role. (As with the insulating particles, it is not
clear what importance should be attributed to the two exceptional particles [Nb on Nb, Nb on
Au] that were observed to emit.)

10.
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One might expect that a thick anodized oxide layer on a Nb surface would greatly inhibit
emission from strongly emitting particles (e.g., Fe). In fact, we found no significant difference
in emission between particles on natural and anodized Nb substrates. (This observatton is in
good agreement with previous results for graphite emitters.®) Furthermore, emitting particles
on a thick oxide layer were seen to lose their ability to charge under the SEM beam. Apparently
once emission begins-it-destroys or renders conducting the oxide layer at the contact between
particle and substrate. (To study how emission is initiated across a thick oxide layer would
require the study of lower currents than our apparatus is capable of detecting.) Thus it appears
that, in our range of fields and currents, any role played by an oxide barrier between a metal
particle and the cathode i1s minimal.

Further evidence that strong emission may occur from a metallic particle placed on a
cathode, without the insulating interface assumed by the antenna model, comes from two kinds
of observations. The first is the good emission observed from Au particles on an Au surface,
where one expects at best a very thin layer of superficial contamination. The second is
provided by several instances where a particle, after emitting current in the microampere range,
ts found to be “welded” to the surface (even as it continues to emit at low fields). Figure 11
shows a case where we succeeded in removing such a particle with the anode tip; the particle
appeared to resist the initial pressure of the tip, and, once removed, left a contact region

showing evidence of melting.

Thus it appears that, at least in some cases, and in spite of recent hesitations, anomalous
field emission may indeed occur in general accord with the projection model. Nevertheless, it
remains unclear how this model-can account for the magnitude of the emission observed. The
threshold fields we measure, typically 50 MV/m, are still something like a factor of 50 smaller
than those predicted for an ideal flat surface; though our particles are quite irregular, we see no
features sufficiently sharp to account for such a factor. They may yet exist on a scale too small

for observation with our facilities.

C. Implications for cavities

The results reported in this paper have important implications for high-field RF cavity
work, or indeed for any other situation where it is desired to minimize anomalous electron
emission. [t has long been clear that particle cc')ntaminants are a (probably rhe) major source of
field emission in high-field RF cavities. While the use of clean-room techniques in the cleaning
and mounting of cavities has led to considerable reductions in field emission, it has not entirely
solved the problem. This may be because either (1) no clean room is perfect, and some few
particles are nevertheless introduced, or (2) particles are introduced after assembly (e.g., by
sliding contacts in areas that communicate with the cavity under vacuum).

11
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sifica and alumma orinsulating. "dust in general, appear far lessms ‘.nous than metal pamcles ;
particularly when the latter have thin conductmcr-omde (e.g., Fe) ornaturally 0x1de free(e.g. '
Ag) surfaces. or are produced and maintained oxide-free m_the= \_(_aquum_t_hap,commumcates with
the cavity interior. Metal particles with conducting oxides abound in RF cavity environments
fe.g.. stainless steel. or indium used for vacuum joints), and those produced under vacuum
might include Ti from sublimation pumps or material from an adjustable RF feed antenna. A
reduction in these specific kinds of contaminants could be a cost-effective means of attacking

the tield emission problem— perhaps in parallel with the more elaborate efforts currently under

development for removing ‘emission sites once they appear.
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