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Geneva Group 1986 

See slides of apparatus. 

Features: 

1. In-situ SEM and Auger; spatial resolution 0.5 pm. 

Previously slits of several microns. 

2. In-situ field emission electron detectors 
Previous use of X-rays 
Good sensitivity to all Z. 

3. Unbiased broad survey: 
1 mm diameter anode tips - survey scans 
Few micron diameter tips - microscans 
Survey cm2 area cathodes. 

4. "Constant current" (voltage feedback) 
Max current of 1nA 

Good dynamic range - Keithley PA meter. 
or max 100 W / m .  

5. "Load-lock" preparation chamber for UHV control. 
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;EM and the field emission scanning microscope used for the FE experiments inside the U’HV analysis chamber. 
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ent is an optical pyrometer we have camed out HT's only 
above 800 "C. 

For the field emission scanning measurements, a manip- 
ulator (Fig. 2)  was specially designed. x ,  y, and z motions 
with ranges of 25 mm for x and y and 12 mm for z are per- 
formed by linear tables inside the vacuum. These consist of 
austenitic stainless steel guiding surfaces" and martensitic 

1 

1 

FIG. 2. The sample maniphror used for the FE experiments. On top, the 
anode holder (a)  with its nrsdon mechanism (b) on the left. Below the 
sample (c)  are the tilt m&zism (d)  and thex- andy-linear tables (e). In 
the front, the lever (f) for 15s x motion is seen. The I linear table is not 
visible. Below the mounting fiangc. a bellows (not seen) allows the adjust- 
ment of the entire rnechxnicd unit. 
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50 p m  
3G. 9. Sulfur FE site. (a) SEX1 image. showins rhe poinr anode at 10pm 
tbove the sire. (b )  SEM irnzi: ci :he wrne sire taken in a high resolution 
;EM. ( c )  Auger line scm x:-% the panicle (before spurtering) showing 
he S peak-to-peak height. 
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FIG. 1. (a) SEM phorognph of carbon deposit 0, on pure Nb cathode. 
(b) Same with Auger carbon map superposed. Dashed h e  shows approxi- 
mart region of contact between carbon point and Nb surface 

38% J. &PI. Phys.. Vol. 59. No. 11 , l  June 1986 



Observations (Geneva): 

1. Nb surfaces of cm2 can be prepared with no emitters 
(with heat treatment). 

2. Field emission occurs at localized sites with 
dimensions typically micron. Most (at least 80%) are due to 
contaminants: 

and most are found to be conducting (SEMI. 
Ag, C, Ca, Cu, S, Si, Mn 

3. Potential emitters are sparse objects on the surface, 
and only a fraction (5-10%) of the particles found on the 
surface are actually emitters. 

4. Emitters do not preferentially occur at grain 
boundaries and oxidation of the Nb surface (even - 130nm 
anodize) does not alter results (after "switch-on"). 

5. Brief exposures (1-2 hrs) to ambient atmosphere do 
not alter results. 

6. Artificially created carbon, sulpher, and MoS2 sites 
behave like naturally occuring ones. 



Saclay Group 1993-1994 

Similar techniques - broad and microtip scans of electro- 
polished Nb and mechanically polished (alumina slurry) Au 
cathodes. 

Artificial ensemination of cathodes with various 
contaminants: 

Ag, Au, Al2O3, Nb, Ni, Si03 Ti 

of 5-25 micron dimensions. 

Deliberate damage sites created on surfaces. 

Features: 

1. In-situ SEM and EDX analyses. 

2. Threshold currents of several pA (Keithley) and total 
current limited to 1OOpA. 



Figure 1. Nickel particles s e d  as potential emission sites: 
( a )  irregular, (b)  spherical. 
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Figure 2. Emission tests for Ni particles on a Nb substrate. Figure 3. Emission tests for Fe particles on a Nb 
Dark bars show threshold fields for measured emission; substrate. Dark bars show threshold fields for measured 
light bars show the maximum fitld attained when no emission; light bars show maximum field attained when n 
emission was seen: ( a )  irregula: particles, (b) spherical emission was seen: ( a )  irreguiar particles, (6) spherical 
particles. particles. 
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Figure 8. Effect of an air exposure on the threshold 
fields of polnt defects on a Au substrate (a) ana on a Nb 
substrate (b). 
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Figure-1 0. .Enhancement factor B extracted from our 
current ver5Us field values for mechanical damage sites on 
a Au substrate (a)  and on a Nb substrate (b). 



X 

/ 
/ 
i 

Figure 13. Geometrical defect with two superposed 
projections (threshold field 15 h!V m-'). 



Observations (Saclay): 

1. Attempts to sprinkle particles on clean, dry cathode 
met with failure; application of even a low field resulted in 
disappearance of the particles. 

2. Had to use liquid nitrogen to afix contaminants. This 
is similar to experiences of earlier workers - e.g. carbon 
studies on Nb by the Geneva group. 

3. Insulators (A1203 and Si02) are not strong emitters 
up to peak gradients (lOOMY/m). 

4. Emission from conductors depends on history of 
application of voltage. 

"Switch on" effect. 
Emitters always in contact with substrate 

after switch on (even with Nb anodizing). 

5. Perfectly round spheres never emit whereas naturally 
occuring contaminants do. 

6. Exposure to ambient air (2 hrs) had little effect. 

7. Easy to replicate threshold fields, and Fowler- 
Nordheim plots and parameters with artificial contaminants 
and intentional damage of cathode surfaces. 



Wuppertal Group - 1996 

Repeat of earlier Geneva work, but extended to Cu and Al. 

Similar techniques: 

In-situ SEM and optical microscope. 
Broad and microtip surface scans. 
Constant current with 1 - 4 O n A  limits. 
Ex-situ high-resolution SEM; loorun resolution. 

Cathode preparations: 

Mechanically polished (diamond) Cu, Nb, and Al. 
8nm on copper (both OFHC and SE) 
1Onm on niobium 
55nm on aluminum 

Ultra-pure (not clear if high-pressure) water rinse. 
Nitrogen gas dry and clean room handling through-out. 
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the literature [IO-131 proves that the mechanical 
- polishing and final ultra-pure water rinsing of copper 

cathodes results in a very strong reduction of EFE. 
On chemically polished copper cathodes an addi- 

tional class of emitters was observed, which explains 
the rising emitter density compared with the mechan- 
ically polished ones, see Fig. 1. Etched defects in the 
rough copper surfaces (Fig. 5)  tend -to emit .above 
100 MV/m. At most of the investigated etch de- 
fects, sulphur as a foreign element contamination 
was detected. Since the chemical polishing does not 
contain sulphur, we assume that the etched defects 
originated from the chemical polishing of sulphur 
clusters in the copper. Therefore, the similarity of 
emission behaviour of SE and OFHC copper after 
chemical polishing can possibly be explained by the 
content of S (- 5 ppm) which is equal for both 
kinds of copper. Other experiments also showed the 
stimulation of EFE by sulphur segregation or MoS, 
particles [2]. 

4.3. Aluminium cathodes 

On mechanically polished AI cathodes, most 
emission sites did not appear until 100 MV/m. 
Two-thirds of the emitters were localised as surface 
defects combined with an enhanced concentration of 
Si, Mg, Fe and Mn, which are the main foreign 
elements of AIMgSil. The distribution of these ele- 
ments was very inhomogeneous and, by means of 
EDX, an enhancement at the bright dots by a factor 

Fig. 6. SEM image of a surface defect OD mechanically polirhtd 
AI with s m g l y  enhanced concentration of Si, Mg. Fe and Mn m 
the brighter area ( m w )  ( E ,  = 58 MV/m, B = 62, S = 3.9X 
lo-” anZ). 

of 5-6 compared with the hole surface was detected. 
Possibly, an enhanced stiffness of the foreign inclu- 
sions caused surface damage during mechanical pol- 
ishing, which was observed at these bright dots. A 
typical example of such an emitting inclusion is 
shown in Fig. 6. 

After high field measurements, one-third of the 
localised sites were identified as emitting craters 
similar to those on Nb and Cu. Probably, the pre- 
breakdown currents which resulted in the molten 
craters were also caused by damaged inclusions. 
Therefore, the use of AI for high field vacuum 
devices with very homogeneous elemental composi- 
tion is needed to avoid EFE above 100 MV/m from 
inclusions. Nevertheless, similar emitter densities on 
Al, already at five times lower field strength as 
reported in the literature [ 141, demonstrate the im- 
provement of the mechanical surface preparation 
technique described here. 

4. Discussion . 

In our experimenti, different kinds of emitting 
sites have been detected. To investigate whether or 
not the observed emitter types (categories Z-V) 
show different emission behaviour as a function of 
the type of metal, the average values of E,, /3 and 
S are listed in Table 1. On Nb, the surface defects 
after mechanical polishing (la) as well as macro- 
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=pic scratdw with steel contamination (Ib) showed 
stronger values b u t  more than two orders of 
magnitude smaller S values in comparison with the 
other kinds of emitters. Within the category of parti- 
cle emitters, no significant difference in FE be- 
haviour was observed between Nb (Ira) and Cu (IIb). 
Moreover, the FE behaviour of molten emitting 
craters (IIIa, b) did no t  Seem to depend on the 
cathode material, despite the significantly lower 
melting points of Cu and AI compared with that of 
Nb. 

At present, our experiments do not indicate that 
the EFE mechanism is influenced by the intrinsic 
properties of the metal or its oxides, because similar 
emitter types on Nb, C u ,  and AI showed similar 
emission behaviour. Fuxthermore, we never observed 
intrinsic emission up to E = 200 MV/m, e.g. from 
grain boundaries. In contrast, foreign elements or 
particles were defhtely found at the emission sites 
in many experiments. Therefore, the predicted elec- 
tron emission of metal-insulator-vacuum ( M I V )  
structures [ 151 that consist only of the bulk metal and 
its oxide can be ruled out for broad area cathodes. 
Proposals of geometrical field enhancement alone, 
provided by nm-sized microprotrusions (161, can not 
describe our results because of the wide range of 
measured S values. Alternatively, the foreign ele- 
ments mostly detected at the emission sites could 
lower the local work-function, which would result in 
reduced /3 values and a systematic shift to higher S 
values of about 2-3 orders of magnitude. The detec- 
tion of sometimes very unrealistic S values (e.g. 
1 X 10’’’ cm2, 6 X lo+’’ a n 2 )  indicates that the 
EFE mechanism is of a much more complex nature. 
Moreover, for many emitters of each category an 
interesting “switch on” phenomenon was observed. 
After a fmt activation in a high electrical field, the 
emitters were already active at - 70% of that field. 
Our experiments support the emission model of 
metal-insuIator-metal (MIM) structures [ 171. In this 
model the “switch on effect” is explained by the 
formation of conduction channels in the insulating 
interface due to the high electrical fields. 

5. Conclusions 

Two improved preparation methods for metallic 
cathodes were presented. For the first time, lowest 

., emitter densities between 0.6/cm2 and 6/m2 at 
E = 100 MV/m e systematically achieved on 
’chemically polished Nb and Cu, as well as on me- 
chanically polished Cu and AI after final rinsing with 

h - m n s a o  be limited - only by the 
q u a m m a - p z  w-aq rinsing, not by 

sion behaviour was observed between SE copper and 
OFHC copper. Further investigations on the im- 
provement of mechanical polishing of niobium are in 
progress. By means of the described wet chemical 
etching for the preparation of niobium surfaces, 
higher electrical field strength than is usual today 
should be achieved in superconducting accelerating 
resonators. We showed that the described mechanical 
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Five emTtfer types were classified by different 
m6qhology ana emission-bekaviour to iiwestlgate 
tKe3iiiission Drocessitself: particles on Nb and-&, * 

&ace defects on Nb, S con tamhated etched defects 
on Cu. inclusions in AI and molten craters on all 
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thee metals. No dependence of emission behaviour 
& the i n t r i n s G - G w h e i r  
o-thin these emitter categories. 
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A d z o d ~ y ,  no mtrinsic e&sion, w%out a surface 
anomaly, was observed up to E -  200 MV/m At 
many emission sites foreign elements were detected 
that stimulate EFE. ’The wide range of determined S 
values ruled out a purely geometrically enhanced FE 
and the authors assun# an EFE-mcchaiism similar 
to that proposed in &e MIM model, explaining the 
often observed “switch on” effect 
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Observations (Wuppertal): 

I. All emission sites were either 
microparticles 
microscratches 

or etch pits. 

2. Chemically polished copper showed etch pits (likely 
sulfer contaminants) with jagged edges. 

3. Mechanically polished aluminum showed tears with 
jagged edges - perhaps caused also by soft impurities. 

4. There were few emission sites seen on mechanically 
polished copper; no surface defects were found, and 50% of 
the microparticles that were found were seen to have sizes 
below 0.5 micron. 

5. No dependence on oxide layers was seen for any 
cathode material; no difference was seen between OFHC 
and SE copper; and no enhancement was seen from grain 
boundaries - bare crystalline materials easily supported 200 
MV/m. 

6. Performance is dependent on preparation 
techniques, and most significantly on cleanliness. 
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Other Results 

Cornel1 Group 

Results from superconducting rf cavities 
essentially the same as DC studies. 

Sensitive to surface defects that are not fully 
understood. 

Role of ion plasma in development of breakdown 
from field emission. 

Kirby et al. (SLAC/IBM) 

0 Back to Fowler-Nordheim. Crystalline surfaces 
give good fits to theory. 

Coatings (W.Peter et al, FMT Corp) 

Substantial reductions in field emission can be 
obtained, but these reductions are lost if breakdown occurs. 



IGURE 9 Picture of a field emitter active at the end of the test. The micron sized craters at 
o'clock indicate the severity of the emission process. No foreign elements could be detected 
4th an EDX system at this site and no particulates were found. 

6 J. KNOBLOCH and H. PADAMSEE 

FIGURE 13 Low magnification photograph of the emitter in Figure 9 which was active at the 
end of the test. The starburst is indicative of plasma activity around the emitter despite the fact 
that the emitter did not process. 



70 J .  KNOBLOCH and H. PADAMSEE 

R G L m  16 A field emitter found in a 5.8 GHz cavity. The previously molten iron particulate 
to the top left is too  large to have been ejected by the craters and it is likely that it was melted 
by the same plasma that produced the starburst. 

Plasma 
\ Microemitter 

'FE 
A 

! Macroemitter I 
FIGURE 17 Schematic drawing illustrating a region of enhanced field emission (macroemit- 
terj which is predominantly emitting from small areas within (microemitters). Due to the intense 
heating at the microemitters. neutrals are being desorbed and in turn are ionized by the emission 
current. It should be noted that, although in this figure the emission site is a particulate, this need 
not always be the case. 



c 

Atomic Force Microscope (AFM) 

“’-B a 

AWM 

Piezoelectric heads -> 
sample movements 

.- . .  
. I  





I I I I I I I 

I I I I I I I 



150 I I I I I I I I I 

I - Breakdown #1 
- Breakdown #2 
- Breakdown #3 

0 2 4 6 8 10 
Voltage [VI 

2.5 rtm A\ ,O~/OFE cu 



100 

60 

20 

-20 

0 

2 -2 
W 
d 

-4 

-6 
0.10 0.15 0.20 

1/v 



Vld [MV/cm J 

0 1.00 0.50 0.33 0.25 0.20 0.16 
1 1 I I I I 1 

I \ Y I 

to-" 

10-12 
0 1.0 2.0 3.0 4.0 5.0 6.0 



c 
c c 
c 
w 

co 

E 
rt 
m 

2 c., 

G 
0 

v3 
6 )  
k 

6)  
0 

0 
c3 a 
0 

Td 
a U 



E 
E 

"! 
VI cu 
0 

m c k  
0 0  



N 
at 

v) 
C 

0 
2 
E 
- 
v 

i 

2 m s  
0 E 
E 
- v 



Conclusions 

Field emission and breakdown originates from discrete sites 
that are sparsely distributed on crystalline surfaces. 

HV breakdown occurs at sites that field emit at lower 
voltages. 

Densities of potential emitters are small - typically 100/cm2 
and usually less than lO3/cm2. 

Potential emitters have dimensions of microns or less; these 
sites cover only a negligible fraction of the substrate surface, 
and only 5-10% of potential sites ever emit or breakdown. 

Potential emitters are predominately contaminants or 
surface defects introduced during manufacture and 
handling: 

e.g. Ag, AI, C, Ca, Cu, Cr, Fe, Mg, S, Si, Ti, W, 
etch pits in copper, tears in aluminum, scratches. 



Emitters generally (at least 80% of them and probably all) 
are conductors or semiconductors that have become attached 
to or embedded in the substrate; you have to work to get 
them to stay there! 

Fowler-Nordheim properly accounts for behaviour of pure 
crystalline substrates. 

What’s Important 

Careful sequencing of manufacturing steps, use of 
appropriate finishing and cleaning techniques, and 
maintenance of clean environments will likely lead to 
dramatic reductions of field emission and HV breakdown 
(processing time and damage). 

Special materials (such as HIP treated copper) are not 
expected to lead to substantial improvements, and use of 
coatings should be avoided (or at best, limited to only special 
applications). 
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