
SLAC-PUB3378 

July 1984 

A- 

Surface Studies of Nb, its Compounds, and Coatings* 

EDWARD L. GARWIN and ROBERT E. KIRBY 

Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94805 

Invited paper presented at the Second Workshop 

on RF Superconductivity, 

CERN, Geneva 23-27 July, 1984 

* Work supported by the Department of Energy, contract DEAC03-76SF00515 



1. Introduction 

The application of modern surface physics to materials of interest to this 

group was reviewed in meticulous detail at the 1980 Karlsruhe Workshop on RF 

Superconductivity by A. Septier. The presentation made here assumes familiarity 

with that work [Septier (ISSO)]. 

Common surface analytical techniques can be characterized in terms of the 

incident probe beam. Electron beams are used to determine atomic arrangement 

in low energy electron diffraction (LEED) and reflection high energy electron 

diffraction (RHEED). Topography is displayed with scanning high voltage elec- 

tron microscopy (SEM), which instrument when fitted with an energy or wave- 

length dispersive x-ray detector becomes an electron probe microanalyzer (EPM) 

capable of determining near-surface chemical species and their lateral distribu- 

tions. Electron beams incident at a few kV allow Auger electron spectroscopy 

(AES) of the emitted lines specific to the elements bombarded and with occasional 

rough information about chemical valency of bound atoms. Electron bombard- 

ment coupled with a mass spectrometer allows electron impact desorption (EID) 

to provide information on the nature and threshold of desorbed species. A rather 

unusual use of an electron spectroscopy has been use of Josephson junction tun- 

neling to investigate the quality of surface treatment as it affects superconducting 

Nb [Gurvitch and Kwo (1984)]. 

Using photons as the incident probe, ellipsometry (ELIP) in the optical re- 

gion measures the complex index of refraction, which under ideal conditions of 

surface flatness and known compound formation can follow film growth from 
fractional monolayers and, uniquely, can do so for pressures ranging from UHV 

to above atmospheric. For incident photons of energy from the vacuum ultra- 

violet through the soft x-ray region, photo-electron spectroscopy for chemical 

analysis (ESCA), designated UPS or XPS for incident ultraviolet light or x-rays 

respectively, identifies near-surface atoms, can give detailed information of their 

valence states. With variable takeoff angle, XPS can non-destructively give in- 

formation on depth distribution of layered structures. ESCA with a synchrotron 
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light source tunable in energy becomes an exquisite tool with a variable depth 

of analysis. X-rays are also used in glancing angle x&ray diffraction to positively 

identify the composition of some grown films [Wittmer-et al (lSSl)]. 

With incident ions, low energy ion elastic scattering (LEIS) gives informa- 

tion on the presence at the outermost surface layer of specific masses, and has 

been used to determine adsorbed molecular orientation (CO on Ni and W). The 

higher energy Rutherford backscattering (RBS) can both identify masses and 

give extended depth distribution data non-destructively. Ion sputtering of sur- 

face species is used both to surface profile (peel the onion), allowing other spec- 

troscopies to destructively analyze in depth, and also with secondary ion mass 

spectrometry (SIMS) to determine surface species with extreme sensitivity for 

the alkali metals and hydrogen (Group IA), and good sensitivity for Group IIA 

plus boron and aluminum. SIMS is the only direct method for observing hydro- 

gen, and with quadrupole mass analyzers capable of m/e>SOO, is also useful to 

study sputtering of clusters, as an aid to determining surface composition. Both 

SIMS and ion-sputter profiling can lead to formation of surfaces or near-surface 

layers of stongly altered compositions due to preferential sputtering and diffu- 

sion mechanisms. Such effects have been explored for Nb$n [Smathers (ISSO)], 

for the oxides of Nb [Karulkar (lSSl)], h ave been discussed in a short article 

[Wehner (1982)], and have been the subject of an extended literature survey of 

over 60 references [Betz (1983)] which produced a table of experimental results 

of preferential sputtering on many alloys and compounds. 

This review is strongly rooted in experiment. Those who long for extensive 

theoretical discussions seek here in vain. I have, however, attempted to give an 

extensive bibliography in areas which are relatively unknown, such as thermal- 

field emission, or sputtering of multi-component materials. The scope of this 

review was strongly limited by available time; absence of any particular area of 

work or publication is not at all a judgment on its quality. 
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2. The Nb-Vacuum Interface 

Presence of a dielectric layer at the vacuum interface has-long been known 

to enhance secondary emission and multipacting. The presence of interface ox- 

ides of the general structure NbOz was postulated [Halbritter (1981)] to cause 

rf losses, to enhance electron tunneling into the vacuum, and to weaken the su- 

perconducting interaction at the Nb-NbaOs-interface [Halbritter (1982)]. Details 

of the niobium-vacuum interface obtained by XPS, LEIS, and AES were previ- 

ously described [Septier (1980)]. He included studies on oxide growth and oxide 

coatings on niobium carried out with the aid of argon sputter profiling and XPS 

deconvolution techniques [Grundner (1980 A)], w h ose detailed quantitative pic- 

ture of the Nb-oxide interface is called in question by subsequent studies on the 

effect of sputtering on the surface composition of samples of NbO, Nb02 and 

Nb205 which concluded [Karulkar (1981)]: 

“We found it very difficult to use the sputter depth profiling tech- 
nique to obtain information about the composition and structure of 
thin niobium oxide films. Apparently, one observes all the interme- 
diate oxide compositions while sputtering from the surface pentoxide 
to the metallic Nb beneath it. Unfortunately, most of the drastic 
composition changes are brought by the inert ion beam itself...” 

The qualitative picture of the Nb-oxide interface proposed [Grundner (1980 

A)], is supported by synchrotron light beam UPS on Nb and NbsSn [Miller (1982)] 

who found for Nb: 
“We may summarize our findings for the oxides as follows: We 

find three stages of oxide formation when the clean Nb surface is 
exposed to oxygen. Of the three oxide stages the final saturation 
oxide has a chemical shift characteristic of the “air oxide” surface, 
generally accepted to be Nb205. The suboxides appear to neither 
grow homogenously across the surface nor grow an abrupt oxide-metal 
interface into the bulk.” 

Considerable research has subsequently explored techniques of protecting Nb 

surfaces by cleaning treatments and subsequent growth or application of protec- 

tive layers. Several approaches will be reviewed here. In recent years new choices 

of cavity geometries which inhibit multipacting have been successfully applied 

to the construction of superconducting accelerator structures. The problem re- 
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mains, however, of decreasing or eliminating the effects of multipacting in parts 
of the structures for which the geometry cannot be significantly changed, such 

as in higher-order-mode couplers. In these cties the suppression of multipact- 

ing can be achieved by coating the surfaces of interest with a material which 

must have both a low secondary electron emission (SEE) coefficient and low RF 

losses, and which also protects the Nb against oxidation in order to maintain the 

original high unloaded Q and accelerating field of the cavity. Materials such as 
NbC, NbN, TIC and TiN seem to be good candidates for this purpose. They are 

good electrical conductors and possess rather high superconducting transition 

temperatures [Toth (1971)]. 

2.1 COATING RESEARCH AT SLAC 

TIN is routinely used at SLAC as a proven anti-multipacting coating for inter- 

cavity coupling slots, RF windows and RF coupling loops on non-superconducting 

surfaces. Preliminary surface physics studies on this material indicated that 

the as-deposited films exhibited low SEE yields, but exposure to air caused the 

SEE yields to increase so much that such films would appear useless as anti- 

multipacting coatings. To explore the apparent contradiction between experi- 

ment and practice, those conditions were examined which might lead to an in-situ 

lowering of the SEE yield. One such condition is electron-bombardment of the 
TiN-coated surfaces during initial running of RF devices. 

Apparatus The experimental apparatus consisted of a stainless steel UHV anal- 

ysis chamber linked to a process system chamber via magnetically coupled sample 

transfer mechanism (Figure 1). The presssure was typically 2x10-” Torr in the 

analysis chamber and 1x10 -g Torr in the process chamber. 

A Vacuum Generators CLAM 100 XPS unit controlled by an LSI-11 computer 

was used to collect AES and XPS data using electron counting techniques. The 

secondary electron emission (SEE) yield data were collected using an electron 

beam at normal incidence, a programmable high voltage power supply and an 

electrometer which were also under computer control (Figure 2). 

The samples were single crystal Nb discs of unknown orientation, 1.6 cm 
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diameter x .5 cm thick cut from 2500° K-outgassed low-Ta rods, mechanically 

polished with .Sprn diamond paste and electropolished in 10% HF - 90%H2SOd 

solution which removed approximately 50pm of Nb surface.’ - 

The discs were sputter-cleaned and the various films were sputter-ion de 

posited using a Kaufman-type [Reader et al (1975)] ion source. The films were 

deposited to a thickness of 14OA as determined by using a quartz-crystal thickness 
monitor, this being the thickness of the TiN coatings previously used success- 

fully at SLAC. Immediately after deposition the samples were transferred to the 

analysis tank for the SEE, AES, and XF’S measurements. 

The SEE measurements used a retarding voltage method in which a 1.5 

KeV electron beam with a current of 2 nA strikes the sample whose potential is 

varied from -50 to -1450 volts in 10 volt steps. The current flowing through the 

sample was measured at each retarding voltage by an electrometer, and the total 

secondary yield cr was calculated using: cr= 1 -(target current/primary current). 

The AES measurements used an electron current of 50 nA rastered over 

approximately .25 cm2 of the sample. The analyzer was operated in the constant 

retard ratio (CRR, energy resolution - 1%) mode for the AES measurements. 

The XPS data was collected using a Mg anode bombarded with 12 KeV 

electrons at 20 mA. The VG analyzer was operated in the constant analyzer 

energy (CAE, energy resolution -0.75 eV) mode with a pass energy of 20 eV. 

Phot.oelectrons were collected from a .17 cm2 sample area, chosen to fall within 

the area dosed in the electron beam exposure experiments to be described later. 

After the data on the as-deposited films was collected, the samples were 

moved to a loading chamber where they were exposed to room air (22’C, 50% RH) 

at atmospheric pressure for one hour. The loading chamber was then evacuated 

and the samples were transfered back to the analysis tank for characterization 

as described above. 

The electron beam exposures were at an energy of 1067 eV and a current of 

400 nA rastered over .98 cm2 for the 14OA TiN and NbC and 80 nA rastered over 

.37 cm2 for the 1581 TIN, 14OA NbN, 14OA Tic films and the oxidized uncoated 
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Nb surface. 

When referring to the accompanying diagrams, (a) refers tothe as-deposited 

films; (b) refers to the films exposed to air; and (c) refers to the results after 

electron beam bombardment. Data is also presented for the clean Nb substrate 

and its air oxidized surface. The plots are offset vertically with respect to each 

other for clarity. 

The SEE measurements indicate that the lowest CY occurs on the as-deposited 

films. In some cases Q remains less than unity over the entire incident energy 

range SO-1450 eV. After exposure to air Q rises substantially. Subsequent electron 

beam bombardment serves to reduce 0, in some cases to nearly the value obtained 

for the as-deposited film. 

The AES measurements of the as-deposited films show the elemental com- 

positions of the surfaces of the films. In addition to the primary elements of 

the deposited materials small amounts of oxygen are seen on some of the layers. 

This is probably due to Hz0 desorption from the chamber walls during sputter 

deposition. After exposure to air an increase in the oxygen peak area is noted 

along with a small increase in the carbon level. Changes in the structure of the 

primary AES peaks will reflect changes in the chemical composition of surface 

layers in our data. After electron beam bombardment, only small changes in the 

AES spectra are seen, compared to the oxidized overlayers, indicating that the 

relative amounts of each element are largely unaffected. Retrieving information 
about chemical states is difficult due to the nature of the AES technique and 

quantitative analysis of these spectra was therefore not undertaken. 

-- 

The XPS data gives more easily extractable information about the chemi- 

cal states present in the films but probes to a greater depth than AES. After 

deposition, XI’S shows primarily the material sputtered onto the Nb discs with 

some films incorporating small amounts of oxides (again, due to Hz0 desorbed 

from the chamber walls during sputter deposition). After exposure to air the 

amount of oxide present in each material rises significantly with a concomitant 

decrease in the primary species, and a shoulder in the XI’S 01s peak consistent 
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with water adsorption. After electron beam bombardment XI’S shows that the 
~--_ oxide levels are slightly reduced by the bombardment, while the Hz0 shoulder is 

reduced significantly more. _ - 

In addition to XPS, AES and SEE, we have made some electron-induced- 
-desorption (EID) measurements of the oxidized layers on Nb and NbN/Nb. O+ 

emission is observed whose desorption rate increases with e-beam exposure, in 

agreement with the observations of others [Lin et al (1979)]. This rate increase 

is due to a rise in the surface concentration of weakly bound surface oxygen, 

created during reduction of the Nb205 to sub-oxides by electron bombardment. 

2.1.1 RESULTS 

The results of the measurements described above are given in Figures 3-20. 

In these figures, there is a consistent convention: 

(a) As cleaned or deposited (b) oxidized at 1 atm, 3600 sec. 

(c) electron bombarded (dose rate and total dose indicated) 

Clean Nb The results presented here for clean sputtered Nb are similar to 

those which we have obtained for furnace-cleaned Nb (2300K, 21 hrs. at 3 x 

10-l’ Torr). Sputtered surfaces can always be made C and O-free whereas we 
have observed very small amounts (<5% of a monolayer) of 0 on all furnace- 

cleaned samples. This appears to be due to dissolved 0 from the bulk diffusing 

to the surface during heating. For both types of cleaning, however, we obtained 

essentially identical XI’S, AES and SEE data. 

Transition Metal Carbide and Nitride Overlayers Using these materials as sec- 

ondary electron suppressors on Nb would seem to be an ideal choice. They are 

excellent electrical conductors, have low secondary emission coefficients and high 

superconducting transition temperatures [Toth (1971)]. From the data, we see 

that cr is quite low for these as-deposited overlayers on Nb and that the electron 

backscatter contribution at higher primary energy is smaller than that for un- 

coated Nb (compare for example, B for clean Nb and 14OA TiN/Nb). At this 
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time, the mechanism for reduced secondary emission in transition metal carbides 
-1-- and nitrides is not understood. 

_ - 
Oxidized Nb and oxidized Overlayers Upon exposur& to air (and pure oxygen, 
as well, we have found), the bare Nb surface and its overlayers form thin surface 

oxides at the exposures used in this experiment. For instance, clean Nb oxidizes 

to about 1OA (4) and we expect that the overlayers oxidize to a similar depth, 

for example, the l5A TiN overlayer does not quite fully oxidize, (i.e., significant 
TiN concentrations are present in the Ti core level spectra) according to the XPS 

results. XPS shows the presence of Nb205 (as well as sub-oxides) for oxidized 

Nb, NbN and NbC. TiO2 is observed for TiN and TiC oxidized overlayers. AES 

(which probes a shallower depth) confirms these observations. 

The oxidation results for TiN are surprising in the light of investigations 

of the oxidation kinetics of 2300 and 32OOA TIN films made by RBS [Wittmer 

(1981)). Th y e oxidized TIN in a furnace flushed with dry 02 at temperatures of 

500°C to 650°C, and found the oxide thickness, d, to be diffusion limited 

d = 2(Dt)l/2 (1) 

where D is the coefficient of oxygen diffusion in Ti02, and t is the oxidation time. 

They calculated D from an Arrhenius plot (log D vs l/T) to be: 

where k is Boltzman’s constant, T is the temperature, Ea = 2.05 eV is the 

activation energy, and the pre-exponential factor Do = 4.3 x 10e2 cm2/sec. 

Calculating the oxidation thickness of TiN from Eq (1) at 300’K gives d = 1.5 

x 1o-8 A! It remains for us to determine whether the TiN films were columnar 

or discontinuous, other processes operate in moist air, or processes attendant to 

electron and/or photon bombardment during measurement promoted oxidation 

and diffusion of oxygen through them, as has been observed for C under electron 

bombardment[Garwin (lSSl)]. 

The SEE yield shows a large increase upon oxidation, a result which is ex- 

pected for bulk oxides and observed here for very thin oxides and which may be 
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due to the Hz0 resonant tunneling mechanism [Halbritter (1984 B)] or to charg- 

ing. Surface charging of <leV has been observed in thin MgO layers [Gibson 

et al (1982)] and oxidized Nb [Grunder et al -( 1980 B)], so it-is reasonable to 

believe that charged holes can be generated in the oxidized layer through pair 

production. The presence of this positively charged layer results in a drop of the 

work function [Bronshtein et al (1965)] and the presence of an accelerating field 

across the oxide (Grundner et al (1980 A)], ei th er of which results in increased 
secondary electron emission thereby accounting for the observed increase in a 

upon oxidation. 

Electron-bombardment Continued electron-bombardment of the oxidized over- 

layers produces damage in the form of broken bonds, reduced oxides, excited 

species, mobile and immobile holes, etc. This is reflected in O+ being electron- 

desorbed as described in the EIB results above. The desorbing O+ (and possibly 

neutral CO and CO2) is also observed as a small change in the XI’S 0 signal and 

AES C and 0 signals. The SEE yield, however, shows a large change in value as 

a result of this bombardment. Electron-bombardment generated damage in the 

oxide results in a good conducting layer (i.e. the oxide turns metal-like), and the 
surface charge, which sustained the increased SEE yield observed before bom- 
bardment, vanishes; B drops back toward its value for the unoxidized surface. In 

fact, visible discoloration of such a bombarded area has been observed by others 

[Lin et al (1979)], as has the appearance of free metal in the oxide layer with 

larger electron exposures than those used here. The decrease in 6 definitely can 

not be ascribed to buildup of polymerized hydrocarbon or carbon layers in this 

case, as has been previously suggested [Grundner (1980 B)]. 

Cavity Tests of TIN Films at SLAC The S-band cavity used in the studies of 

the microwave properties of coatings of TIN was a doubly-reentrant type having 

the highest electric field between the posts to encourage multipacting. The cavity 

was tested before and after coating of both posts with 150A of TIN by sputtering. 

In contrast to the negative experience of the Cornell Group [Padamsee (1977)] 

with TiN-coated muffin-tin cavities, the SLAC group [Campisi (1983)] found: 
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“The first set of measurements performed on the RF multipacting 
properties of an S-band doubly-reentrant niobium cavity has shown 
that multipacting is entirely suppressed when TiN films are deposited 
on selected regions of the surface. The cavity multipactorsvery easily 
without the coating. The films do not show any appreciable dielectric 
losses. The unloaded Q was the same for the uncoated cavity and 
when only the end surfaces of the posts were coated [Qu = 2.5 x lo7 
(4.2K) and 7 x lo7 (1.35K)]. S ome current losses were observed when 
also part of the lateral surface of the posts was coated [Qu = 2.1 
x lo7 (4.2K) and 4.2 x lo7 (1.34K)]. These additional losses should 
not compromise the operation of superconducting Nb cavities at 4.2K 
when coated with TiN films.” 

2.2 NBINTERFACESINVESTIGATED WITH JOSEPHSON JUNCTIONS 

The first application of the oxidized metal overlayer (OMO) technique in tun- 

neling used an SOA overlayer of Al on V$Si with a Pb counterelectrode [Hauser 

(ISSS)]. Earlier OMO work is reviewed, and their recent extensive OMO work is 

summarized by Bell Labs scientists M. Gurvitch and J. Kwo in an article which 

contains an extensive bibliography [Gurvitch (1984)] to which interested readers 
are directed. The work reported below is that of Gurvitch and Kwo and rep- 

resents results from Nb films deposited by magnetron sputtering onto smooth, 

oxidized silicon substrates. Appropriate cautions apply to direct extension of 

their results to surfaces of Nb cavities which may be much rougher. The charac- 

teristics of broad area Nb/Al oxide-Pb u.~uBiuru junctions are shown in Fig. G4 

for different thicknesses of aluminum deposited on the Nb film and oxidized in 

air for 20 minutes (the d=O native oxide junction was formed by air oxidation 

of the Nb for 4 days.) As an aid in interpreting these curves, Fig. G6 shows 

schematically the density of states (DOS) a tunneling structure with a clean su- 

perconducting gap in the Pb-Bi, and a tail in the DOS in the Nb. The detailed 

interpretation of the figures is complicated, but put simply, an ideal proximity 

layer will not produce any sub-gap leakage. From Fig. G4 it is seen that for 

Al thickness >lOOA no sub-gap current is seen at or below ApbBi. It therefore 

appears that while even thin Al layers reduce oxygen contamination, the thicker 

layers prevent it completely. 

The oxide tunneling resistance is shown in Fig. GlO as a function of deposited 
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metal layer thickness, d, for various metals at 77OK. The estimated resistance 

at d, = 0 is 10-7fkm2. The very large changes in resistance with d, < 1OA 

indicates that such layers must already be essentially continuousand pinhole-free 

on these smooth substrates. Fig. GlO also shows that the order of increasing 

oxidation rate for the overlayer metal is Al, Mg, Er, Y. 

Many all-refractory junctions (both electrodes Nb) were prepared and exten- 

sively evaluated. A population of 400 junctions was cycled between 300°K and 

6OK 4880 t,imes with no failures due to shorts and no change in average initial 

currents. Fig. Gll shows the results for the average critical current of these junc- 

tions after annealing. At temperatures between 150°C and 250°C, the current 

decreases and saturates with time, and it is speculated that this is due to disso- 

ciation of aluminum hydrides in the oxide with the released oxygen combining 

with excess metallic Al (or Nb) to form oxides which increase the barrier width 
or height. The dispersion in critical current the the junction quality remained 

unchanged during these anneals. At temperatures of 275’C and higher the cur- 

rent no longer saturated within a few hours, suggesting continuous diffusion of 

oxygen to the barrier. Severe oxidation of the contact pads prevented extended 

measurements. Junctions of the above type have been stored in room tempera- 

ture air since 1981 without change in their nearly ideal junction characteristics. -I 

Surface oxidation studies of the Nb/Al overlayer structures were made by 

XI’S, in order to shed light on puzzling shape of the Al junction resistance curve 

of Fig. GlO, and of the fact that proximity effects of excess unoxidized Al was not 

observed for dAl <lOOA. Nb/M layers were prepared, oxidized in air for 15-30 

min., and pumped overnight without bakeout before XI’S spectra were taken, 

at a pressure of - 10s8 Torr. The overlayer thicknesses are given in Table 

I, while the XPS data are displayed in Figs. G12 and Gl3 for Nb3d and A12P 

regions, respectively. Fig. G12a shows the usual Nb, Nb205, and NbO, suboxide 

structure for air-oxidized Nb, while Fig. G12b shows the surprising result that 

Nb oxidation is completely suppressed by the 38A Al overlayer. Nb oxide is 

detected for dAl < 9.5A under these oxidation conditions, and after “prolonged 

oxidation” for thicker Al overlayers. It is found that (starting at the vacuum) 
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the layer configuration is C/Al203/Al/Nb. By varying the take-off angle and 
assuming plane parallel layers, quantitative-analysis gave the results in Table I, 

which show that for deposited layers thicker than lo&the thickness of the oxide 

layer and of the residual metal layer does not account for all the metal deposited. 

The puzzling results mentioned earlier, and the vanishing metal of the overlayer 

were consistently explained by a mechanism in which the excess metal of the 

overlayer diffused into the grain boundaries of the Nb, as indicated in Table I for 

Al and Mg. Further experiment showed that such diffusion did not take place 

on samples prepared at room temperature, but did occur at temperatures of 

-lSOOC, as is evident from recent XI’S and (unpublished) Auger studies. 

N b/Al 
overlayer 

Sample No 

I. 
II. 
III. 

Nb/Mg 
ovcrlaycr 

Sample No 

1. 
II. 
III. 
IV. 

Table 
Thickness 

deposited 
Al ovcrlayl 

(A) 

! 1. 
zi 
1 
cr 

Thicknew 
‘hickncss 01 

A83 

9s 12.3 
38.5 20.4 

112 9.1 

Thickness 
deposited 

klg oyrlay 
(A) 

‘hickness oi 

Me 
(A) 

10 
16.6 
4s 
65 

7.6 
7.9 
7.0 

12.5 

of OMO‘S 
Thickness of] Thickness of 

residual metallic Al 
metalJic Al lost by @fusion 

W (A) 

0 0 
2.0 21 
9.2 96 

rhickntss of Thickness of 
residual metallic Mg 

meta& Mg lost by $ffwion 
64) 0 

0 0 
IA 7 
4.9 32 
6.1 43 

Nb/Y overlayer structures were studied over the range of 4.381 to 3OA of 

Y, whose oxygen affinity was so strong that such overlayers not only protect 

Nb against oxidation, but actually reduce submonolayer amounts of NbO at the 

Nb/Y interface. Fig. G14 gives Nb3d 20’s spectra for Nb cleaned in vacuum and 

with a l12A overlayer of Al. The data for Nb/Y are essentially identical with 

the cleanest Nb results of the figure. 
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Alloy formation and oxidation of a Nb-rich Nb-Al alloy has been studied 

by the group of W. Spicer using core levelmphotoemission in combination with 

synchrotron light [Oshima (1983)]. E xactly the same-chemical shifts were ob- 
served from both the Nb,Al alloy (with x = 4 -5) and from a Nb surface onto 

which Al had been evaporated, indicating similar structural arrangements. The 

oxidation rate of Nb in these structures was about 100 times less than for pure 

Nb or NbsSn for 02 exposures of 30L. Above 3OOL, Nb205 forms rapidly as the 

oxidation barrier of the top aluminum layer is broken. Two stages in the oxida- 

tion process of the Nb-Al alloy were identified; 1) Al-O and Nb-0 formation at 

a few x lOL, and 2) Al203 and Nb205 formation above IOOL. The stages were 

distinguished clearly in terms of Al2p, Nb4p, and 02p chemical shifts. 

2.3 EXTENSION OF OMO RESULTS TO CAVITY-LIKE SURFACES 

The surface physics group at SLAC has applied Gurvitch and Kwo’s results 

by evaporating 17 and 2581 layers of Al onto sputter-cleaned bulk Nb, and sub- 

sequently exposing the structures to air for -1 hr., with the result that barely 
discernible oxidation of the underlying Nb was seen, while oxidation of the Al 

was almost complete. Because the evaporation process is line-of-sight, Al may 

not have completely covered the rough sputtered surface. The experiment will 

be repeated with a sputtered deposit to improve the “throwing power”. The next 

step is to seal the Al (or Y) with a thin continuous metal film (such as Pt or Rh) 

which will prevent oxidation on air exposure as will occur in accelerators even if 

only by accident. It seems imperative to prevent oxidation of the active metal 

layer for the following reasons: 1) As demonstrated earlier in this paper, oxides 

increase the secondary emission yield. 2) Surface charging of oxides can lead to 

large field electron emission currents, expecially in hydrated oxides. 3) Oxides 

will eventually penetrate extended reactive metal overlayers on cavity surfaces 

and allow their oxidation, in contrast to the geometry of junctions where diffusion 

into the active area must take place through the extended edge of the reactive 

metal layer. 4) Because most oxides have very low thermal conductivity, thick 

aggregates can enhance field emission by thermal effects, according to the unified 

theory of temperature-field (T-F) emission developed by [Christov (1966-1978)], 
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amd evaluated by Bermond et al [Bermond (1974)]. 
--- 

As an aside, Christov’s work seems to have been unnoticed in the rf super- 

conductivity field, although Klein and Turneaure [Klein (1983)i have referred to 

a CERN report on “thermal field emission” [Rohrbach (1971)] from which they 

derive Fig. KT6, field emisison as a function of emitter field and temperature 

for a metal. In case that work is not reported here, they state: 

“Since field emission in cavities is usually observed only in re- 
stricted field intervals one will normally not notice the curvature of 
the field emission characteristic of a hot emitter.....The slope will yield 
a p’ which is higher than the actual enhancement factor (p = 200) 
and which furthermore depends on the location of the viewed field in- 
terval on the Eaxis (see Fig. KT6). . ..Thus the anomolous behavior 
of p is traced back to the use of the wrong theory (T = OOK) for the 
analysis of experimental data (T>>OOK).” 
And they further conclude: 
“It has been shown with a specially designed superconducting res- 
onator that rf field emission exhibits identical features as broad area 
dc field emission. The rf field emission data can also be interpreted in 
the framework of the Fowler-Nordheim theory if a microscopic field 
enhancement factor /3 ~50-200 is assumed at the emitter...” 

2.4 USE OFACTIVEMETALLAYERS TOPURIFYBULK NB 

Encouraged by the results of Gurvitch and Kwo showing the deoxidizing 

effect of Y on Nb, the group at Cornell has evaporated Y on Nb held at 125O’C 

for a few hours to purify bulk Nb and so have significantly raised the RRR of 

elliptical cavity half-shells prior to welding with salutary results on the maximum 

field gradient [Padamsee (1984)]. In addition, F. Palmer and M. Tigner of the 

Cornell group have begun experiments to determine the effects of the Nb oxide 

layer on the microwave resistance of superconducting Nb, by measuring R, on 

Nb whose oxide layer has been diffused into the bulk, and then remeasuring R, 

after controlled surface oxidation processes. Their results will be presented at 

this conference and may produce the first definitve experimental information on 

the effects of surface oxides on rf superconductivity and field emission, when 

combined with the results of synchrotron light studies [Oshima (1983)]. Suitable 

procedures should be used to avoid enhancing oxygen reactivity by the presence 
of hot filaments, as has been seen with GaAs [Pianetta (1978)]. 
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2.5 GASDISCHARGETREATMENTSONELECTRONEMISSIONOFNB 

An extensive and interesting study has been made of the interrelated effects 

of baking (3OOOC for 24 hr) and of gas discharge in pure argon, argon with 10% 

oxygen, methane, and nitrogen [Dominichini (1984)]. Effects of these treatments 

on field emission and on secondary emission were determined in a UHV system 

in the larger context of emission effects produced by subsequent exposures as 

might occur in accelerator operation, and of further in-situ treatments to restore 

desirable surface properties. 

Dominichini and Hilleret’s results of surface treatment as they effect surface 
emission are summarized in Table II. After bakeout, field emission from the sam- 

ple is not reproducible. With careful application of voltage to avoid breakdown, 

the surface conditions, and allows determination of the applied field for an emit- 

ted current of 10m8, and of corresponding values for p, the field enhancement 

factor. The measured field valve varies by a factor of 2. Following gas discharge 

in pure Ar (to a dose of 3 x 1018 ions/cm2), the I-V characteristics become very 

stable (&lo%), but the field for 10e8A is lower than the valve obtained after 

conditioning of the baked-only surface. If the Ar discharged surface is now bom- 

barded again for the same dose in Ar + 10% 02, the current drops by 3 orders 

of magnitude at comparable field values, as seen in Table II. If the breakdown 

threshold is exceeded, however, violent discharges occur and the benefit of this 

treatment is found to be entirely lost, and electron microscope pictures of the 

damaged area shows numbers of asperities. 

Similar measurements have been carried out on the effects of treatment on 

secondary emission coefficient, 6. A generalized yield curve is given in Fig. DHll, 

which defines some of the terms used to summarize their results in Table III. 
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----- 
TABLE -iI _ 

~ 

BAKED SAMPLE 

MA13 12 233 

MA14 15.5 115 

MA18 31.5 68 

MA19 39 63 

AND ARGON DISCXIARGE 

MA29 19.2 159 

MA30 20 143 

MA31 20.5 159 

MA32 21 148 

MA33 21 165 

MA34 21 160 

AND ARGON + 10% 02 DISCHARGE 

MA41 18t 

MA56 43t 

MA63 20t 

MA64 447 

MA77* 36t 

MA78* 78t 
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TABLE iII _ _ - 

TREATMENT booev bIo0eV El E2 Ema, 

(eV) e (eV) 

AS RECEIVED 2.47 1.8 - - 250 

BAKED 1.2 1.17 60 1550 300 

(300°C, 24h.) 

GAS DISCHARGE IN NITROGEN 

After Discharge 

94 h. N2 

rebaked 

48 h. air 

rebaked 

0.83 .94 150 

1.01 1.03 100 

0.9 .99 150 

1.07 1.13 70 

1.07 1.09 90 

GAS DISCHARGE IN ARGON 

750 

1100 

950 

1450 

1300 

400 

400 

300 

350 

300 

300 

300 

300 

s maz 

2.79 

1.48 

1.09 

1.23 

1.23 

1.42 

1.37 

1.25 

1.86 

1.31 

After discharge 1.75 .9 140 850 200 2 

GAS DISCHARGE IN ARGON + 10% ,02 

After discharge 1.03 .94 120 

1.08 103 

1.07 105 

1.16 80 

1.1 100 

1100 

1250 

1250 

1570 

1350 

66 h. N2 .99 

rebaked .96 
I 

66 h. air 
I 

1.09 

rebaked 1 

1.25 

1.32 

1.31 

1.44 

1.35 
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In Table III, 6muev and G~o~~v are the values of 6 for 1OOeV and 1OOOeV 
--- incident electrons, respectively. The detailed shapes of yield curves taken after 

various surface treatments is given in Fig. DH12. Their recommendations follow 

from inspection of Table III. 

a) If it is technically possible to effect a gas discharge in situ, or to maintain 

the piece in nitrogen, a gas discharge in nitrogen is indicated. 

b) If an air exposure is required and it is not possible to rebake, gas discharge 

in nitrogen or argon gives the best result. 

c) If the piece may be rebaked after air exposure, a discharge in pure argon 

is recommended. 

Dominichini and Hilleret’s work is quite extensive, and contains much in- 

formation, including Auger analyses which are beyond the scope of this short 

summary. It is to be hoped that the work will be published soon. 

3. Surface Physics Studies of NbsSn 

3.1 SYNCHROTRON LIGHT STUDIES ON NBQSN FORMED IN SITU 

The oxidation properties of surfaces of Nb and Nb$Sn (the latter formed 

in vaccum by evaporation of Sn onto Nb) were studied at room temperature 

by the group of W. Spicer using photoemission spectroscopy with synchrotron 

light [Miller (1982 A and B)]. They find [Miller (1982 B)] that Nb205 is formed on 

oxidation of both Nb and NbsSn. However the oxides of the Nb surface extend to 

a greater depth than for Nb$Sn, and AES confirms the growth of oxides saturates 

at a lower exposure for NbsSn than for Nb. 

They conclude: 
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“In summary, we can use the photoemission and Auger electron 
spectroscopy results to propose a model for the room temperature 
oxidation of NbsSn where a thin oxide (lO-15A) consisting of SnO2 
and Nb205 is formed as a protective layer. This is‘incontrast to 
the Nb metal oxides whre the NbO, Nb02 and other suboxides grow 
deeper into the bulk (>2OA). The tin oxide, Sn02, thus may have an 
important effect on the diffusion of oxygen through the surface oxide 
layer.” 

The studies described above were carried out on clean NbsSn surfaces formed 

in situ and held in 10-l’ Torr vacuum. 

3.2 FIELD- AND SECONDARY- EMISSION OF FURNACE-DIFFUSED NB~SN 

In a more technologically oriented experiment [Arnolds-Mayer (1982)], sam- 

ples of NbsSn from 0.5 to 2 pm thick were formed by vapor diffusion of tin onto 

niobium sheet material in a specially constructed oven at the University of Wup- 

pertal, simultaneously with the preparation of 8GHz cavities. The samples were 

then taken to CERN and examined in a UHV system with facilities for AES, total 

secondary yield measurement, and field emission measurement. In order to avoid 

surface modification due to electron bombardment, the secondary yield was mea- 

sured with short pulses, each applying only -5 x lo8 e- on a 1 mm2 area. Some 

samples were oxidized by anodization, and once in the system could be cleaned by 

Ar glow discharge (AGD). Auger spectra of an anodized sample is shown in Fig. 

A-M3, a.) as received, b) after 1 min AGD, and c) after what the authors say is 

“complete removal” of the oxide layer, although apparently a clear oxygen signal 

remains, while the carbon has been converted to a carbide form. The AES data 

also clearly show the non-stochiometry (Nb-rich) of the sputtered surface, due 

to the high preferential sputtering of Sn [Smathers(1980)]. The secondary yield 

curves are shown in Fig. A-M4 for different oxide layer thicknesses a) as received, 

and b) after 1 minute AGD. It is clear that for these dirty surfaces, as received, 

anodization has reduced the secondary yield and after AGD the anodized layers 

produce S curves with a lower first crossover (Epl)and a lower second crossover 

(EP2) than for non-anodized surfaces. The latter is not surprising because of the 

reduction in Z (and therefore backscattering) due to incorporation of oxygen. 

The secondary yields for unanodized NbsSn as received, after bakeout, and after 
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AGD are given in Fig. A-MS. Unfortunately concomitant AES spectra which 
~--- would shed light on the effects of Sn diffusion on the surface composition are not 

presented. It is clear that AGD is necessary to produce accefitably low values 

of S. Measurements of field emission will presumably be reviewed by Latham, 

but did show that anodic oxide layers reduced field-emission. After AGD, the 

currents at a fixed field were in inverse proportion to the oxide thickness, and 

were decreased by a factor - 100. On unanodized samples the same current 

reduction was found after bakeout, while AGD on these baked samples increased 

emitted currents. In all cases, sparking led to large enhancements of emitted 

currents. 

3.3 SIMSJFS ANDAESONFURNACEDIFFUSED NB~SN 

Another evaluation of samples produced at the University of Wuppertal in 

a larger furnace was undertaken at SLAC. The analysis system described in 

Section 2.1 has a SIMS capability with a micro focus ion gun operated at 1500 V, 

low fluence (0.1pA/cm2) and a quadrupole operated at 500 AMU range. Macro 

ion bombardment removal is with a 13mm-dia homogeneous ion beam run at 

15OOeV and 7.5mA/cm2. The as-received sample was found to be moderately 

contaminated (l/2 to 1 monolayer) with carbon (AES), Fig. K2. Surface Sn and 

Nb present were in the form of mostly SnO2 and Nb205 (XI’S), Fig. K3, K4, 

KS. SIMS indicated that the SnO2 was a thin surface layer (-18 A) over further 

Nb oxides, Fig. K6. Short sputtering removed the Sn02 and revealed a thick 

layer (between 36 and 159 A) of Nb oxides and Na, Fig. K7. The maximum in 

the Na contamination occured at 36 A. The initial secondary electron yield, S, of 

the Nb$Sn sample was high, due to this layer of adventitious carbon and oxides, 

Fig. Kl. After sputter removal of the SnO2 surface layer (-18 A, using the 

sputter rate of Sn), 6 dropped to esentially its final value for high incident energy, 

indicating that the beam was penetrating through the remaining non-NbsSn layer 

to the bulk material below. At low energy, however, 6 was still elevated, due to 

surface contributions. This view is consistent with the appearance in the XI’S 

core level of both oxide and metal components of Sn and Nb. SIMS showed mostly 

Nb oxide and Na at this point. After macro removal of -1~ of material, the XI’S 
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core levels reach their presumed (there is no information in the literature on this 
--I point) bulk values for Nb$Sn. These are 202;85eV (vs. 202.OeV for metal) for the 

Nb component and 484.6eV (vs 484.45eV for the metal) for‘theSn component. 

The SIMS signal after lpm of macro sputtering is shown in Fig. K8, and 

shows a very low value for Sn due to its high preferential sputtering yield. After 

the sample rested five days in vacuum, diffusion caused the Sn signal to rise, 

as shown in Fig. K9, indicating some surface rearrangement is occurring. H is 

clearly present in the bulk (SIMS) and the re-appearance of Nb and Sn oxides 

after sputtering would suggest that there is interstitial 0 available as well. This 

view is supported by the lack of 02 and Hz0 in the residual gas of the analysis 

system. However, considering the strong affinity of Nb for water, the possible 

contamination of the sample from small amounts of gas phase Hz0 cannot be 

totally discounted, simply because the SIMS sensitivity for Hz0 is unknown 

and what appears to be a very small Hz0 peak was intermittently detected (by 

SIMS) on the sample surface when it was left in vacuum for several days at 

a time. As observed in the SIMS also, macro cleaned surfaces exhibit cluster 

(Nb2, Nb3, Nb4...) b h e avior in the Nb and Nb oxide peaks. Oxidized surfaces, 

however, favor the appearance of NbO. Two other observations concerning SIMS 

are relevant here: 1) its sensitivity is very high for alkalis (hence the large K 

and Na peaks) and Al, and 2) the sputter yield for oxides of these species is 

much higher than for its non-oxide states (hence the much larger SIMS signals 

for oxidized surfaces). Included here for reference are measurements made at 

SLAC for anodized unsputtered Nb205 and sputter cleaned Nb, Fig. KlO. The 

sputter cleaned NbsSn was also measured in the valence band (x-ray excited) and 

compares favorably with previously published results [Hochst (1976)]; both are 

shown in Fig. Kll. Finally, no evidence of Cl, or contaminants other than those 

mentioned already, could be found by AES, XI’S, or SIMS. 

In summary, this sample appears to be Nb$n bulk-contaminated with H 

and possibly 0. The as-received sample structure was identified as: several A of 

C, SnO2 and Nb205; 18 A of SnO2; 36 to 159 A of Nb oxides and Na; remainder 

NbsSn. Re-oxidation of the Nb and Sn components (for the clean Nb3Sn surface) 
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occurs after several days in vacuum, but the source of the oxidant is not firmly 
--I established. Apparently the sample, after -deposition, was contaminated by a 

Na source (perhaps a breath?) after which it naturally oxidized in air. During 

handling and shipping it acquired a hydrocarbon adlayer (completely normal and 

unavoidable). The NbsSn seems to acquire a SnO2 outer layer both in the as- 

received and sputter-cleaned states. In the as-received sample, this SnO2 layer 

is apparently below the C, suggesting that it occurred well before (and perhaps, 

even retarded) the subsequent hydrocarbon contamination. 

4. Directions for Future Surface Physics Research 

1. At SLAC, we will explore feasibility of making continuous coatings of Y or 

Al on (rough) cavity surfaces, and of subsequently forming continuous non- 

oxidizing films of relatively inert metals such as Pt or Rh over the reactive 
metal layer. We will examine oxidation behavior, secondary emission, and 

field emission behavior before and after breakdown. 

2. We all await with interest results from the field emission scanning facility 

with lprn resolution which has been constructed in 0. Fischer’s laboratory 

at the University of Geneva. With its coupled scanning Auger equipment, 

information on emission site distribution and composition should be forth- 

coming, which should point the direction toward reducing the number and 

effect of such sites. 

3. The spectrum of light emitted from “glowing” cavities should be investi- 

gated to discriminate between e- luminescence and thermal radiation, in 

order to illuminate the role of unified temperature-field emission. 
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Fig. G4 Characteristics of M/Al - oxide - f’bo.~Bio.~o Junctions with Different 
dAt at T = 2’K. 
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Fig. G6 Tunneling Diagram showing clean gap in PbBi and tail in the h% density 
of states. 
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Fig. GlO Oxide tunneling resistance of broad area junctions as a function of dMM; 
T  = 77’K. 
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Fig. Gil Behavior of the average critical current at different annealing temper- 
atures. 
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Fig. G12 XPS Nb3d a) Air-oxidized Nb film, b) air-oxidized A-%/At (38.5 A). 
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Fig. G13 XPS At2 p  of air oxidized A&/At’ with nominal dA( = a) 9.5 A; b) 38.5 
A and c) 112 A. 
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Fig. G14 XPS h% 3d (-) scraped in situ at 7  X lo-’ Torr, (. . . . ) 15 m in. after 
in situ scraping at lOa9 Torr, (- . -. -) Nb/AC (112 A) over layer structure. 
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Fig. KT6 Field emission characteristic of a typical emitter (/3 = 200) for different 
temperatures T. Em is the microscopic electric field at the emitter. For an 
accelerating cavity wifh peak field ratio of 2 the arrows indicate two values of 
the accelerating field. Depending on the field interval where field emission is 
observed the field emission theory for T = 0 K yields completely different /3’- 
values if T >> 0 K. 
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Fig. DHll Secondary Emission Coefficient, 6, vs Energy of Incident Electrons. 

3 

2 

6 

I 

0 

7-84 

0 

-0 XX 
0 

0 
X 0 

X 
X X 

7 

0 Unbaked 
0 Baked 
A Gas Discharge Ar 
+ Gas Discharge N2 
X Gas Discharge CH4 
0 Gas Discharge Ar + 02 

IO00 
E, (eV) 

2000 

4854A45 

Fig. DH12 6 vs Incident Electron Energy for Different Surface Treatments. 
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Fig. A-M3 Auger Spectra a) as received, b) after 1 min. AGD, c) after complete 
removal of the oxide layer. 
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Fig. A-M4 Secondary electron yields of anodized Nb&z a) as received, b) after 
1 min. AGD. 
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Fig. A-M5 Secondary electron yields of Nb#n. 
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