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INTRODUCTION 

One of t h e  aims of  modern s u r f a c e  a n a l y s i s  i s  t o  determine the  phys i ca l  
and chemical s t r u c t u r e  of t h e  s u r f a c e  l a y e r  of t h e  sample. The phys i ca l  
s t r u c t u r e  i nc ludes  topography and morphology of  t h e  s u r f a c e s  on a  micron and 
submicron s c a l e  , and t h e  arrangement of atoms i n  a  l a t t i c e  a s  w e l l  as  t h e  
e x t e n t ,  shape and type of l a t t i c e  de fec t s .  The chemical s t r u c t u r e  i s  t h e  
d i s t r i b u t i o n  and concen t r a t i on  of elements i n  a  s u r f a c e  l a y e r  on a  micron o r  
submicron s c a l e .  I t  can be  determined wi th  va r ious  beam techniques such as  
Auger spectroscopy (AES) , X-ray photoe lec t ron  spectroscopy ( P S )  , ion  s c a t t e r -  
i n g  spectroscopy ( ISS) ,  secondary i on  mass spectroscopy (SIMS) , e l e c t r o n  probe 
microanalysis  (EPM) . 

Size  and shape of c r y s t a l s  o r  g r a i n  boundaries ,  chemical composition of 
smal l  i n c l u s i o n s ,  and s i z e  and type of  l a t t i c e  d e f e c t s  can be  s t u d i e d  by 
e l e c t r o n  microscopy and e l e c t r o n  d i f f r a c t i o n .  

A l l  methods have t h e i r  advantage and d isadvantage ,  and must be consider-  
ed  as  complementary techniques.  The optimum choice of the  methods t o  be  used 
depends on the problem be ing  i n v e s t i g a t e d  (1  l .  

I n  a l l  ana lys ing  methods, in format ion  about t he  atoms o r  molecules con- 
t a ined  i n  the  s u r f a c e  l a y e r ,  a r e  given by p a r t i c l e s  - i ons  o r  e l e c t r o n s  - 
emi t ted  by t h e  sample, which can  be  bombarded by photons,  e l e c t r o n s  o r  i ons .  
But i n  the most commonly used methods, t h e  in format ion  depth,  which cor res -  
ponds t o  the escape length  of t h e  outgoing p a r t i c l e s ,  i s  o f t e n  l i m i t e d  t o  a  
few angstroms, and t o  perform a chemical ana lys i s  of  a  l a y e r  i n  t he  micron 
range i t  i s  t h e r e f o r e  necessary  t o  remove p rog re s s ive ly  t h e  sample s u r f a c e ,  
by ion  s p u t t e r i n g .  A depth p r o f i l e  of  one p a r t i c u l a r  element can be  ob ta in-  
ed  by s e q u e n t i a l  s p u t t e r i n g  and a n a l y s i s ,  u s ing  e i t h e r  AES, UFS o r  XPS . A 
continuous a n a l y s i s  dur ing  s p u t t e r i n g  i s  a l s o  p o s s i b l e  by a  SIMS technique.  

A l l  these  methods a r e  d e s t r u c t i v e ,  and a  s c r u t i n y  of t h e  r e s u l t s  i s  ne- 
ce s sa ry ,  a s  t h e  i on  bombardment may in t roduce  many a r t e f a c t s  and o f t e n  has  a  
non n e g l i g i b l e  i n f luence  on the r e s o l u t i o n  and on in-depth p r o f i l i n g .  

Severa l  o t h e r  methods a r e  a b l e  t o  provide depth p r o f i l i n g  of one element 
without  de s t roy ing  the s u r f a c e  l aye r :  Rutherford b a c k s c a t t e r i n g  spectrometry 
and Nuclear microana lys i s .  I n  the  f i r s t  method He+ ions  a r e  used, and f o r  a  
f i x e d  angle  of obse rva t ion ,  t h e  energy of backsca t t e r ed  i ons  i s  a t  t h e  same 
time a known func t ion  of t h e  n a t u r e  o f  t h e  atom h i t t e d  by t h e  i n c i d e n t  i o n ,  
and of t h e  d i s t a n c e  from the  s u r f a c e  where t h e  c o l l i s i o n  takes  p l ace .  The 
energy spectrum of t h e  backsca t t e r ed  ion  may be  d i r e c t l y  converted i n t o  a  
in-depth r e p a r t i t i o n  of t h e  analyzed element. 

Nuclear microana lys i s  i s  p o s s i b l e  only w i th  a  few number of  elements (21 
which a r e  ab l e  t o  give r a d i o a c t i v e  n u c l e i ,  when bombarded by D+ o r  H+ i o n s .  
For example, oxygen 016 and n i t r o g e n  N~~ atoms bombarded by 2 M e V  deuterons 
give 017 and c l2 ,  a f t e r  emission of a  p ro ton  o r  an a p a r t i c l e ,  r e spec t ive ly .  

Proceedings of SRF Workshop 1980, Karlsruhe, Germany SRF80-4



The number of secondary protons o r  ci p a r t i c l e s  i s  p ropor t iona l  t o  the oxygen - 
o r  n i t r o g e n  - content ,  and energy a n a l y s i s  of t hese  p a r t i c l e s  give the  depth 
p r o f i l e  of  t he  impur i t i e s  i n  the l a t t i c e .  

As f a r  as  very t h i n  s u r f a c e  l a y e r s  a r e  concerned, i n  the  5 0 -  200 range,  
X-ray photon spectroscopy (XPS) may be used, combined wi th  an angular  energy 
a n a l y s i s  of t h e  emi t ted  Auger e l e c t r o n s ,  t o  o b t a i n  the  th i ckness  of contami- 
na t ed  o r  oxid ized  l a y e r s ,  grown on the  s u r f a c e  of t he  sample. 

A f t e r  t h i s  s h o r t  review of the  most f a m i l i a r  s u r f a c e  a n a l y s i s  techniques ,  
which a l l  have t o  be performed i n  an UHV chamber i n  o rde r  t o  avoid add i t iona l  
contamination of t h e  su r face ,  I s h a l l  b r i e f l y  r e p o r t  on works concerning su- 
perconduct ing mater i  a1  s u r f a c e s ,  e s s e n t i a l l y  niobium o r  niobium-tin. 

In  the f i r s t  p a r t ,  I w i l l  t a l k  e s s e n t i a l l y  about chemical p r o p e r t i e s  of 
t h e  Nb s u r f a c e s ,  and su r face  s t u d i e s .  

The second p a r t  w i l l  be devoted t o  another  very important  aspec t  of sur-  
face  p r o p e r t i e s :  e l e c t r o n  emission from c lean  o r  contaminated su r faces .  

PART I. SURFACE STUDIES 

1 .  THIN FILMS 

The RF performances of s p u t t e r i n g  t h i n  f i lms  of Nb may be lessened by 
s e v e r a l  d e f e c t s :  lack  of uniform coverage, s t r a i n s ,  A r  i o n  i n  the  n e u t r a l  
l a t t i c e ,  g e t t e r i n g  of contaminants by t h e  f r e s h l y  depos i ted  ma te r i a l .  An 
approach has been made (31 t o  e v a l u a t e  t h e  p o t e n t i a l i t y  of s p u t t e r i n g  tech- 
nique by measuring RI? p r o p e r t i e s  of s p u t t e r e d  Nb coa t ing ,  and us ing  Nb as  the  
s u b s t r a t e  m a t e r i a l  i n  o rde r  t o  minimize the  mismatch between expansion coe f f i -  
c i e n t s  of s u b s t r a t e  and coat ing .  A Q. of 3 x 1 0 ~  and a  peak magnetic f i e l d  of 
205 Gauss were achieved,  demonstrat ing t h a t  the s p u t t e r i n g  technique i s  ca- 
pable of producing Nb su r faces  of good q u a l i t y ,  a t  t he  cond i t ion  t h a t  t h e  
shape of the c a v i t y  be simple enough t o  o b t a i n  an uniform f i l m  th ickness .  

I n  c o n t r a s t ,  and c e r t a i n l y  due t o  the  s t r a i n s  between the  s u b s t r a t e  and 
the Nb f i l m s ,  s u r f a c e  r e s i s t a n c e s  of Nb f i lms  s p u t t e r e d  on a  Cu s u b s t r a t e ,  
were 100 times g r e a t e r  than f o r  bulk Nb . 

Nb3Sn i s  gene ra l ly  used i n  th i ck  l a y e r s  grown on Nb su r faces .  A second 
way t o  use Nb3Sn i s  a s  a  covering f o r  t he  Nb su r face  t h a t  i s  a few monolayers 
t h i c k  ( 4 )  . It would be hoped t h a t  the Nb3 Sn would n o t  be a s  s e n s i t i v e  t o  O2 
a s  pure Nb, and would form a  high-Tc p r o t e c t i v e  su r face  without  i n t roduc ing  
normal e x c i t a t i o n .  Since t h e  l a y e r  would be much t h i n n e r  t h a t  the  coherence 
length ,  t h e  l o s s e s  would be  determined mainly by t h e  s u r f a c e  r e s i s t a n c e  of 
the  Nb underneath. 

The b e t t e r  q u a l i t y  f i lms  wi th  a  sharp t r a n s i t i o n  and c r i t i c a l  tempera- 
t u re s  of about 16 K were produced by a l t e r n a t i v e l y  depos i t ing  l aye r s  of Sn 
and then anneal ing temperature ranging from 800 t o  900 ' C .  C r i t i c a l  tempera- 
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t u r e s  a r e  lowered by t h e  proximity e f f e c t ,  varying from about 9 K f o r  5 Nb3Sn 
thickness of  100 A t o  about 15 K f o r  a  l a y e r  of  1000 A th ick .  Nb3Sn t h i n  
f i lms  wi th  h igh  Tc appear  f a i r l y  uniform, wi th  a  l a r g e  g r a i n  s i z e .  Other 
f i lms  which show a broad t r a n s i t i o n  a l s o  show a rougher s u r f a c e ,  a s  observed 
by o p t i c a l  and scanning e l e c t r o n  microscopy. 

A f t e r  an exposure t o  the a i r ,  t h e  f i lms  were measured again.  Re la t ive ly  
smal l  s h i f t s  i n  the  t r a n s i t i o n  curves o f  NbgSn were observed, proving t h a t  
even the t h i n  Nb3 Sn i s  r e l a t i v e l y  s t a b l e  i n  a i r .  

1.3 - The in f luence  of c r y s t a l  o r i e n t a t i o n  on the  q u a l i t y  of  Nb3Sn l aye r s  - 
has  been s t u d i e d  i n  s e v e r a l  l a b o r a t o r i e s  and more r e c e n t l y  by the Siemens 
group ( 5  1 ,  us ing  obse rva t ion  wi th  l i g h t  and scanning e l e c t r o n  microscope, and 
chemical a n a l y s i s  by AES. The Nb3Sn l a y e r s  were grown on  Nb s u b s t r a t e s  o r i e n t -  
ed a long the  (100) (1 10) (1 11) and (531) d i r e c t i o n s  r e s p e c t i v e l y .  For each 
o r i e n t a t i o n ,  one s u b s t r a t e  was chemical ly pol ished (CP), and another  one CP 
and then oxipol i shed  . On t h e  CP s u b s t r a t e s ,  t h e  Nb3 Sn l a y e r  was d iscont inuous ,  
and the  ho le s  may corresponds t o  5 0 %  of the  t o t a l  a r e a  f o r  t he  (11 1) o r i en -  
t a t i o n .  On t h e  con t ra ry ,  t he re  i s  no d i f f e r e n c e  i n  t h e  s t r u c t u r e  of  t he  con- 
t inuous Nb3Sn s t r u c t u r e  growing on  the  oxipol i shed  s u b s t r a t e s .  It seems t h a t  
ox ipo l i sh ing  makes e a s i e r  the nuc lea t ion  of Nb3Sn on the  su r face  and then allows 
an  homogeneous growing of a  dense Nb Sn l a y e r ,  whatever may the  o r i e n t a t i o n  of  
t he  Nb l a t t i c e .  

Auger a n a l y s i s  show t h a t  t h e  r a t i o  between Sn and Nb s i g n a l s  i s  h igher  
f o r  oxipol i shed  samples; without  d i f f e r e n c e s  due t o  t h e  o r i e n t a t i o n  of t he  
s u b s t r a t e ,  and t h a t  t h e  Nb3Sn l a y e r  may b e  considered a s  f a i r l y  homogeneous. 
On t h e  con t ra ry ,  t he  Nb3Sn l a y e r  grown on  s u b s t r a t e s  only  chemically pol i shed ,  
i s  poor i n  Sn, except  on  the o u t e r  l a y e r s  where a  c o r r e c t  s toechiometr ic  com- 
p o s i t i o n  i s  obta ined .  

Oxipolishing seems a necessary procedure t o  o b t a i n  Nb3Sn l a y e r s  of a  good 
q u a l i t y ,  i n  a d d i t i o n  t o  a n  c l e a n  p repa ra t ion  technique.  

11. SURFACE IMPURITIES 

2.1 - Carbon 

Surface of r e a c t o r  grade e l e c t r o n  beam melted Nb have been examined [61 
us ing  a  scanning e l e c t r o n  microscope, equipped wi th  a  c r y s t a l  X-ray spec t ro-  
meter .  The presence of  carbon inc lus ions  has  been e s t a b l i s h e d ,  occuring p r i -  
mar i ly  a t  g r a i n  boundaries .  I n  a n  un f i r ed  chemical ly pol ished sample, 50 car-  
bonaceous inc lus ions  per  cm2 were observed, with a n  average diameter of 10 vm, 
corresponding t o  a  volume concen t ra t ion  of  C of approximatively 16 ppm . An- 
o t h e r  sample, which was f i r e d  f o r  7 hours  a t  2100 'C, a t  1 0 - ~  Torr ,  was a l s o  
examined. The number of carbonaceous inc lus ions  was lowered by a  f a c t o r  of 4 ,  
and the  t o t a l  carbon concen t ra t ion  by a  f a c t o r  of 6, compared t o  the chemical- 
l y  pol ished sample. 

The presence of  carbon on  a  f i r e d  Nb c a v i t y  s u r f a c e  has been a l s o  observ- 
ed i n  e l e c t r o n  microprobe s t u d i e s  a t  SLAC (71 .  The carbon tends t o  occur as  
inc lus ions  wi th  dimensions on  the  o rde r  of 10 microns, f r equen t ly  loca ted  a t  
c r y s t a l  boundaries .  They can  presumably become regions  of  enhanced l o c a l  
hea t ing  l ead ing  t o  magnetic breakdown. 
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Several  techniques have been s u c c e s s f u l l y  used to  remove t h e  carbon: 

- anod iza t ion  of the c a v i t y  be fo re  t h e  f i n a l  f i r i n g ,  
- o r  h e a t i n g  the  c a v i t y  a t  1900 'C dur ing  one hour i n  an  oxygen atmosphere a t  

p re s su re  of 7 x 1 0 - ~  Torr  . 
The r o l e  of oxygen i s  f u r t h e r  c l a r i f i e d  by observa t ions  made us ing  a  re -  

s i d u a l  gas ana lyzer  during HT t reatment  i n  oxygen; a n  heavy e v o l u t i o n  of CO2 
and CO i s  seen  dur ing  the  i n i t i a l  s t a g e  of  f i r i n g .  

On Auger s p e c t r a  a  s t r o n g  carbon s i g n a l  i s  gene ra l ly  observed. This 
carbon s i g n a l  i s  weakest f o r  a n  anodized s u r f a c e ,  in te rmedia te  f o r  a  furnace 
cleaned su r faces  and s t r o n g e s t  a f t e r  chemical t rea tments  ( 8 1 .  Decarbur iza t ion  
by means of a  furnace t rea tment  of a n  anodized su r face  g ives  a  low carbon 
s i g n a l .  

Carbon p resen t  on Nb su r faces  may have d i f f e r e n t  o r i g i n s :  ( i )  carbon d i f -  
fu s ing  t o  t h e  su r face  from the  volume of t h e  sample, t he  C n a t u r a l  concentra-  
t i o n  i n  t h e  b e s t  q u a l i t y  Nb being  of  the o rde r  of  15 - 20 ppm ; ( i i )  carbon i n  
adsorbed organic  molecules,  l i k e  hydrocarbons, which a r e  r e s idue  from clean-  
ing  wi th  methanol o r  ace ton  ; ( i i i )  carbon i n  adsorbed CO o r  CO2 molecules.  

2.2 - Fluor ine  

F luor ine  has been observed by Auger e l e c t r o n  specrroscopy on su r faces  181 
chemical ly pol ished i n  ba ths  conta in ing  HF, o r  a f t e r  d i s s o l u t i o n  of Nb2O5 by 
HF (ox ipo l i sh ing )  . F remains d e t e c t a b l e  w i t h i n  a  depth of about 50 A . 

Nuclear a n a l y s i s  has been used t o  s tudy the contaminat ion by f l u o r i n e  of 
samples subjec ted  to  var ious  t rea tments  i n  ba ths  conta in ing  f luo rhydr i c  ac id ,  
for example ox ipo l i sh ing  1 9 1 . The r e a c t i o n  (p ,  a) 016 i s  used, when the  
metal i s  bombarded wi th  2 MeV protons .  Experiments were c a r r i e d  o u t  with Ta, 
a  metal having chemical p r o p e r t i e s  ve ry  s i m i l a r  t o  those of Nb . 

Typica l ly ,  the metal su r face  i s  covered wi th  a  20 - 45 of n a t u r a l  oxide 
and 2x1015 at/cm2 of f l u o r i n e  a r e  found i n  f i lms  conta in ing  2 x 1 0 ~ ~  at/cm2 of  
oxygen. Rinsing the  sample i n  b o i l i n g  water  decreases the amount of f l u o r i n e  
by 50 % and the  d i s s o l u t i o n  of the  su r face  contaminated oxide i n  a  NH4F - FH 
s o l u t i o n  reduces the f l u o r i n e  contaminat ion t o  l e s s  than  1 .5x1014 at/cm2 . 
Afte r  anodic o x i d a t i o n  of the  cleaned su r face ,  it was found t h a t  a f t e r  oxide 
growth the  f l u o r i n e  remains near  the  metal-oxide i n t e r f a c e .  

2 . 3  - Contamination of t he  oxide 

The inf luence  of  t h e  na tu re  of t he  e l e c t r o l y t e  on t h e  f i l m  formation 
oxygen y i e l d  du r ing  anodic o x i d a t i o n  of Nb has been s tud ied  by the ENS group 
i n  P a r i s  110l.This y i e l d  i s  def ined  a s  t h e  r a t i o  of the oxygen contained i n  
t h e  f i l m  t o  the  amount of b i v a l e n t  oxygen equ iva len t  t o  the  ox ida t ion  charge.  

It has  been shown t h a t  t h i s  r a t i o  i s  g r e a t e r  than 1 f o r  f i lms  formed i n  
concent ra ted  a c i d s ,  implying a  l a r g e  inco rpora t ion  of an ions  c h a r a c t e r i s t i c  
of t h e  a c i d s .  The t o t a l  amount of oxygen may be  measured wi th  a  good prec i -  
s i o n  by nuclear  microanalys is .  The samples were bombarded wi th  2 MeV D+ i ons  
017 i s  formed by the r e a c t i o n  016 (d ,p)  017, and the  concen t ra t ion  of t h e  r a -  
d i o a c t i v e  element 017 i s  then  measured wi th  semiconductor d e t e c t o r s  placed 
near  the  sample. 
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From these  measurements, t h e  concen t r a t ion  of 016 i s  obta ined ,  by compa- 
r i s o n  wi th  016 s tandards  wi th  an accuracy es t imated  a s  2 o r  3%. The n i t rogen  
concen t r a t ion  may be a l s o  measured by us ing  the  r e a c t i o n  ~ l ~ ( d , c i ) ~ l ~  , and 
counting the  emi t ted  a p a r t i c l e s .  

The oxygen y i e l d  R may a t t a i n  1.27 when the  anod iza t ion  i s  c a r r i e d  out  
i n  HN03, 95% and 1.49 i n  HCOOH 98%. R i nc reases  w i th  a c i d  concen t r a t ion  and 
tends toward u n i t y  a t  low concen t r a t ion .  The supplementary oxygen atoms a r e  
due t o  anions incorpora ted  i n  t h e  oxide ,  NO? f o r  example. Nuclear microana- 
l y s i s  of N~~ a l low a d i r e c t  de te rmina t ion  of n i t r o g e n ,  i n  Nb205 obta ined  by 
ox ida t ion  i n  concent ra ted  HN03. The q u a n t i t a t i v e  e s t ima t ion  of t h e  anion in-  
co rpo ra t ion  r a t e  i s  deduced from the  d i r e c t  a n a l y s i s  of N .  I nco rpora t ion  of 
I a t  of N f o r  every  100 a t  of oxygen has  been measured. This corresponds t o  
an inco rpora t ion  of about 1 O X  1 014 at/cm2. Concerning weak e l e c t r o l y t e s ,  i t  
seems t h a t  t h e r e  i s  a  n e g l i g i b l e  i nco rpora t ion  of n i t rogen  i n t o  t h e  oxide .  

I n  c o n t r a d i c t i o n  wi th  these  r e s u l t s ,  Nb205 grown i n  NH3 aqueous s o l u t i o n s  
may be s t rong ly  contaminated by n i t r o g e n ,  a s  shown r e c e n t l y  1191 by an XPS 
study . 

2.4 - Other contaminants 

Sulphur,  c h l o r i n e  a r e  o f t e n  p re sen t  on chemically pol i shed  s u r f a c e s ,  com- 
ing  from the  ac id  ba ths .  This contaminants may be e l imina ted  by h e a t  t rea tment .  
The t i t an ium pump i n  an UHV furnace  i s  a t  t h e  o r i g i n  of a  weak T i o s i g n a l s  i n  
AES s p e c t r a  181, and T i  atoms may d i f f u s e  t o  a  depth of about 50 A. 

111. ADSORBED GASES. OUTGASSING. 

3.1 - Adsorbed gases 

The in f luence  of s o l u t e  oxygen and n i t rogen  on t h e  magnetic breakdown and 
r e s i d u a l  l o s s e s  of S C  Nb c a v i t i e s ,  was i n v e s t i g a t e d  exper imenta l ly  by exposing 
t h e  c a v i t i e s  t o  t hese  gases  a t  p re s su re s  up t o  1 0 - ~  Torr dur ing  t h e  h e a t  t r e a t -  
ment a t  2100K 111) .  

Oxygen may decrease  the  c r i t i c a l  temperature (0.93K p e r  a t  % ) and t h e  
e l e c t r o n i c  mean f r e e  path a t  the  s u r f a c e ,  caus ing  low thermal conduc t iv i ty  and 
a  lower c r i t i c a l  f i e l d  H c l .  Layer of NbO - o r  Nb02 - a r e  a l s o  suggested a s  
su r f ace  contaminant .  The e f f e c t s  of 02 a r e  augmented by a n  enhanced s o l u t e  
concen t r a t ion  a t  the  su r f ace  dur ing  t h e  cooldown a f t e r  the  normal UHV bakeout.  
To achieve a  d e s i r e d  c l e a n  su r f ace  i t  i s  t h e r e f o r e  necessary t o  reduce t h e  bulk 
concen t r a t ion  of O 2  to  about l x l ~ - ~  a t  2 ,  r e q u i r i n g  a  p a r t i a l  p re s su re  of 10- 9 
Torr a t  2100K. 

A d i r e c t  measurement of t h e  r e s i s t a n c e  r a t i o  i n  t h e  c a v i t y  w a l l s  by t h e  
eddy-current method was performed a f t e r  a  20h oxygen exposure.  The r e s i s t a n c e  
r a t i o  R remained e s s e n t i a l l y  unchanged a t  the va lue  of R = 4 1  implying a  mean 
f r e e  path of about l000A i n  the  bulk  of t h e  m a t e r i a l .  No change i n  t h e  c r i -  
t i c a l  temperature,  t he  measured gap and the BCS p a r t  i n  t h e  su r f ace  l o s s e s  due 
t o  the  gas exposure can b e  observed. 

So lu t e  n i t rogen  i n  concen t r a t ions  up t o  about 8 x 1 0 - ~  a t  % (125 ppm) has 
no e f f e c t  on t h e  peak magnetic f i e l d .  A s  t o  t h e  inf luence  of oxygen, bulk 
concen t r a t ions  up t o  7 . 5 ~ 1 0 - ~  a t  % (13 ppm) do not  a f f e c t  t he  breakdown f i e l d ,  
whereas h igher  concen t r a t ions ,  above 1.2x10-' a t  % (200 pprn) cause a d e f i n i t e  
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r e d u c t i o n  i n  t h e  peak f i e l d .  The r e s i d u a l  Q was i n  a l l  c a s e s  lowered by the  
oxygen exposure, b u t  the  e f f e c t  i s  not  p ropor t iona l  t o  the  02 concen t ra t ion .  

Measurements of t he  p e n e t r a t i o n  depth 6 (0) of Nb wires ,  be fo re  and a f t e r  
oxygen exposure r e s p e c t i v e l y  g ives  va lues  of  6 (0)  # 400 A and 6 (0) - 720 A 
r e s p e c t i v e l y .  To e x p l a i n  t h e  l a r g e  p e n e t r a t i o n  depth ,  it i s  necessary  t o  
assume a mean f r e e  pa th  of  about  125 A i n  t h e  s u r f a c e  shea th  - which i s  a n  
o r d e r  of magnitude sma l l e r  than  i n  the  bulk of t h e  m a t e r i a l ,  denoting a subs- 
t a n t i a l  oxygen enrichment a t  t h e  s u r f a c e .  An e q u a l l y  l a r g e  p e n e t r a t i o n  depth 
was measured a f t e r  N2 exposure.  As l a r g e  pene t r a t iondep ths  a r e  a s soc ia t ed  t o  
low va lues  of t h e  c r i t i c a l  f i e l d  Hcl , we may assume t h a t  oxygen i s  p a r t l y  

r e spons ib le  f o r  the  lowering of t he  peak f i e l d  i n  the  c a v i t i e s  conta in ing  
s o l u t e  oxygen i n  t h e i r  w a l l s .  

The e f f e c t  of va r ious  common gases  on the  RF p r o p e r t i e s  have a l s o  been 
explored a t  SLAC (12 1 : t h e  c a v i t i e s  be ing  f i l l e d  w i t h  t h e  gas f o r  about 
1 hour .  These e f f e c t s  can  b e  profound, p a r t i c u l a r i l y  w i t h  CO2 and CO which 
lower the  peak magnetic f i e l d  by a l a r g e  f a c t o r .  Dry oxygen, n i t rogen ,  o r  
hydrogen have only a weak in f luence  on t h e  va lues  of t h e  s u r f a c e  r e s i s t a n c e  
and the  peak magnetic f i e l d .  

3.2 - Heat t rea tment  

Four processes  t ake  p l ace  du r ing  HT f i r i n g  i n  UHV : 

- evapora t ion  of  oxides  from the  su r face ,  i n  p a r t i c u l a r  m e t a l l i c  NbO, and of 
v o l a t i l e s  i m p u r i t i e s ,  

- lowering t h e  o v e r a l l  oxygen concen t ra t ion ,  and of  t h e  carbon concen t ra t ion ,  
- thermal p o l i s h i n g ,  
- enhanced g r a i n  growth. 

Concerning t h e  removal of oxygen from Nb, LEED can  y i e l d  the  s t r u c t u r e  
of t h e  su r face  l a y e r s  of t h e  meta l .  Because t h e  energy range o f  t he  e l ec t rons  
(from about 10 t o  500 eV) the  e l e c t r o n s  p e n e t r a t e  i n t o  t h e  sample a few mono- 
l a y e r s ,  and s o  the  d i f f r a c t i o n  p a t t e r n s  t h a t  a r e  obta ined  a r e  c h a r a c t e r i s t i c  
of t h e s e  s u r f a c e  l a y e r s .  The sample i n i t i a l l y  p u t  i n  the  chamber i s  hea ted  
i n  UHV a t  a g iven  temperature Ta and then  cooled down quickly  i n  o r d e r  t o  ob- 
t a i n  t h e  LEED diagram wi th  a good r e s o l u t i o n .  

The f i g u r e  1 shows how d i f f i c u l t  i t  i s  t o  remove t h e  l a s t  t r a c e s  of oxygen 
[ 4 ) ( 1 3 ] .  The i n t e n s i t y  of t he  O2 l i n e  i n  Auger spectrum i s  p l o t t e d  a s  a func- 
t i o n  of t h e  sample thermal h i s t o r y ,  and LEED p a t t e r n s  were taken  a t  room tempe- 
r a t u r e  a f t e r  cool ing .  I n  ( a ) ,  the  Nb s i n g l e - c r y s t a l  s u r f a c e  i s  covered wi th  
adsorbed oxygen. I n  (b ) ,  a f t e r  anneal ing  a t  Ta= 1000 'C, a f ace t ed  su r face  
i s  observed,  corresponding t o  a t h i n  l a y e r  of a Nb oxide  of unknown composi- 
t i o n .  I n  ( c ) ,  f o r  Ta > 1800 'C, t h e  oxide l a y e r  s u r f a c e  - probably NbO - i s  
a g a i n  p a r a l l e l  t o  t h e  s u b s t r a t e .  F i n a l l y ,  a c l e a n  Nb s u r f a c e  appears  f o r  
Ta > 2000 'C . ( see  ( d ) ) .  

Other experiments show t h a t  even a t  3x10'~ Torr  of oxygen a t  950 'C oxide 
s t r u c t u r e s  a r e  formed. Hence a c a v i t y  cool ing  from i t s  h e a t  t rea tment  tempe- 
r a t u r e  of 1900 'C w i l l  pick-up oxides  e i t h e r  from the  bu lk ,  o r  from r e s i d u a l  
gas i n  t h e  chamber. 

AES was used (14 l t o  s tudy t h e  amount of gases  t h a t  d i f f u s e  t o  the sur -  
f ace  as the  sample i s  cooled.  I n  a p a r t i a l  oxygen p res su re  of 3x 1 0 - ~  Torr ,  
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a sample was heated t o  about 1400 'C during 9 minutes.  While h o t ,  t h e  Auger 
p a t t e r n  shows t h a t  t he  0 concen t r a t ion  on t h e  su r f ace  i s  l e s s  than  1/10 of a 
monolayer . 

Upon cool ing,  Auger s p e c t r a  a r e  recorded and the  spectrum obtained 45 sec  
a f t e r  t h e  beginning of t h e  cool ing  process  show t h a t  almost a monolayer of 0 
is  d e t e c t a b l e ,  i n d i c a t i n g  a d i f f u s i o n  from the  bulk.  I n  e f f e c t ,  a t  t h e  anhient 
pressure  of 3x10-~  Torr ,  t h e r e  i s  no t  enough gas h i t t i n g  t h e  sample t o  account 
f o r  t h e  r ap id  build-up of oxygen on t h e  su r f ace .  

Since RF f i e l d s  r e a c t  wi th  t h e  metal i n  a very t h i n  l a y e r  of 500 A only, 
t h e  su r f ace  p repa ra t ion  i s  extremely important t o  achieve high Q and high 
su r f ace  f i e l d s .  Oxygen contaminated l a y e r s  would have a lower Tc and poorer 
microwave performances. A l a y e r  of t h e  semimetal NbO would a l s o  a f f e c t  ad- 
ve r se ly  t h e  microwave p r o p e r t i e s .  

It would be of g r e a t  va lue  t o  have a s t a b l e  su r f ace  condi t ion ,  f o r  ease  
i n  handl ing the  RF c a v i t i e s .  Several  p o s s i b i l i t i e s  have been proposed f o r  
p r o t e c t i n g  t h e  Nb su r f aces :  ( i )  anodic oxida t ion ,  due t o  t he  conversion of 
var ious  oxide i n t o  Nb205, t h a t  i s  a low-loss i n s u l a t o r ;  ( i i )  covering the  sur-  
f ace  with a t h i n  l a y e r  of some high-Tc m a t e r i a l  a s  Nb3Sn o r  NbN. 

I t  i s  no t  y e t  c l e a r  what s u r f a c e  p r o p e r t i e s  a r e  t h e  most important f o r  
achieving h igh  Q and high peak RF f i e l d s .  The answer t o  t h i s  ques t ion  w i l l  
be  provided by a c a r e f u l  c o r r e l a t i o n  between microwave c a v i t y  measurements and 
su r f ace  s t u d i e s  on small  samples processed a t  the  same time. It i s  poss ib l e  
than  s u i t a b l e  su r f ace  coa t ings  may fina1l.y provide t h e  b e s t  s o l u t i o n .  

I V .  OXIDATION OF Nb AND Nbg Sn 

Several  methods have been used t o  s tudy  the  ox ida t ion  of c l ean  Nb surfaces,  
t o  determine exact  composition, s t r u c t u r e  and th ickness  of t h e  va r ious  oxides  
always present  on r e a l  Nb su r f aces  exposed t o  a i r , o r  even t o  very  low r e s i d u a l  
gas pressures  i n  a UHV chamber. 

El l ipsometry,  have been used t o  s tudy Nb oxide growing on a Nb su r f ace  by 
plasma ox ida t ion  ( 1 5 ) .  It was poss ib l e  t o  t e s t  va r ious  t rea tments  of t h e  sur-  
f a c e  t o  f i n d  the  one t h a t  g ive  t h e  c l e a n e s t  su r f ace  poss ib l e  p r i o r  t o  growth 
of t h e  plasma oxide.  The b e s t  t reatment  was found t o  c o n s i s t  of hea t ing  t h e  
sample a t  HT i n  high vacuum. A r  and 02 were admit ted both t o  a p a r t i a l  pres- 
s u r e  of 0.05 Torr,  and a glow discharge  was turned on. About 6 hours were ne- 
ce s sa ry  t o  grow 1500 of oxide.  From the  e l l i p s o m e t r i c  d a t a  i t  was p o s s i b l e  
t o  c a l c u l a t e  the  r e f r a c t i v e  index n =  2 . 3 0 + i  0 f o r  Nb oxides,  and n' = 3 . 0 + i 3 . 6  
f o r  t h e  Nb s u b s t r a t e .  We s h a l l  emphasize the  conf i rmat ion  t h a t  - a t  l e a s t  f o r  
o p t i c a l  f requencies  - Nb205 i s  a p e r f e c t  d i e l e c t r i c  m a t e r i a l .  

To improve t h e  p r o p e r t i e s  of tunnel  Josephson junc t ions .  I n  s i t u  e l l i p -  
sometr ic  measurements have been made a t  IBM during growth of t he  tunnel  oxide 
on the  base e l ec t rode  i n  a RF plasma ( 1 6 1  , and t h e  r e s u l t s  were compared wi th  
e l e c t r i c a l  measurements. Two a d d i t i o n a l  processes  a r e  found t o  have an impor- 
t a n t  i n f luence  on  t h e  junc t ion  c h a r a c t e r i s t i c s :  p rec leaning  of t he  base e lec-  
t rode  i n  an  argon plasma before  oxida t ion ,  and a f u r t h e r  t reatment  of the  g r m  
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oxide i n  a  low vo l t age  d ischarge  i n  o rde r  t o  remove t h e  adsorbed r e s i d u a l  
gases .  The most e f f e c t i v e  gas  f o r  t h i s  process i s  n i t rogen .  The oxides were 
f a b r i c a t e d  i n  a  c o n t r o l l e d  RF process  using Ar/02 mixtures .  The o x i d a t i o n  
time a t  0.5 v01 % oxygen i s  long enough t o  permi t  t h i ckness  measurements of 
the f i r s t  few monolayers. The i n i t i a l  s lope  of t h e  growth curve i s  q u i t e  d i f -  
f e r e n t  from t h e  reg ion  s t a r t i n g  a t  about t > 10 1, and changes aga in  between 
30 and 35 1. A d e t a i l e d  exp lana t ion  of t hese  phenomena i s  not  a v a i l a b l e .  

I t  i s  i n t e r e s t i n g  t o  no te  t h a t  RF c l ean ing  of t he  su r face  of the  base 
e l e c t r o d e  wi th  A r  a c c e l e r a t e s  the  ox ida t ion  process .  The h igher  t h e  RF vol-  
t age  dur ing  A r  c l ean ing ,  t he  t h i c k e r  the  oxide f i l m ,  and the lower the  c u r r e n t  
d e n s i t y ,  c e r t a i n l y  due t o  inc reased  s u r f a c e  damage by i o n  bombardment. 

4 . 2  - Ion  s c a t t e r i n g  spectrometry 

Ion  s c a t t e r i n g  spectrometry have been s u c c e s s f u l l y  used w i t h  low energy 
ions  t o  s tudy t h e  su r face  of anodized niobium a t  Argonne 1171. Measurements 
a r e  only  s e n s i t i v e  t o  t h e  su r face  monolayer and the  depth p r o f i l e  i s  obtained 
by progress ive  s p u t t e r i n g  of s e v e r a l  hundred atomic l a y e r s .  Helium ions  a r e  
used f o r  a n a l y s i s  and Ne ions  f o r  s p u t t e r i n g .  The f i g u r e  2  r ep resen t s  t h e  
r a t i o  of h e i g h t s  of the  oxygen t o  niobium peaks f o r  a  200 A anodized Nb sur -  
f a c e .  The va lues  of t h e  r a t i o  corresponding t o  Nb205, Nb02 and NbO a r e  re- 
ported on t h e  f i g u r e .  

An excess of oxveen i s  found near  the  s u r f a c e ,  which i s  due t o  adsorbed 
gases (H20, CO, 0 ) .  They a r e  two plateau-regions wi th  a  r e l a t i v e l y  sharp  t r an -  
s i t i o n ,  which correspond t o  Nb205 and NbO r e s p e c t i v e l y ;  they a r e  followed by a  
drop o f f  i n t o  the  bulk Nb meta l .  I f  t h e  s p u t t e r i n g  r a t e s  f o r  Nb205 and NbO 
a r e  i d e n t i c a l ,  t he  th i ckness  of the NbO l a y e r  could b e  es t imated  of  about 8 0 i .  
But i t  i s  wel l  known \ha t  t h e  s p u t t e r i n g  r a t e  depends on chemical s t r u c t u r e ,  
and the  va lues  of 80 A i s  only  sugges t ive .  

4 . 3  - Auger e l e c t r o n  spectroscopy 

A paper published by th: Brookhaven group 18 l r e p o r t s  AES measurements 
taken on Nb samples which were t r e a t e d  according t o  t y p i c a l  procedures used 
i n  t h e  p r e p a r a t i o n  of SC c a v i t i e s ,  such a s  UHV degassing,  chemical p o l i s h i n g ,  
e l e c t r o p o l i s h i n g  and anodic ox id iz ing ,  i n  o r d e r  t o  determine t h e  oxygen depth 
p r o f i l e  of Nb s u r f a c e s .  

Eig th  Nb samples were machined from commercial r e a c t o r  grade Nb. A f t e r  
su r face  t rea tment ,  t he  samples were s t o r e d  i n  dry n i t r o g e n  and AES a n a l y s i s  
was performed seve ra l  weeks l a t e r .  The UHV system i n  which t h e  s t u d i e s  was 
c a r r i e d  out  i s  capable  of reaching  1 0 - ~  Torr .  To o b t a i n  t h e  depth p r o f i l e s ,  
sur face  l a y e r s  a r e  e tched  o f f  by s p u t t e r i n g  wi th  A r  i ons ,  wi th  a  r e s i d u a l  A r  
p re s su re  of about 5 x 1 0 - ~  Torr  i n  the  system. The Auger spectrum a r e  obta ined  
while  s p u t t e r i n g .  Due t o  t h e  l a r g e  s p u t t e r i n g  i o n  c u r r e n t s ,  which may c r e a t e  
su r face  roughness and induce p a r a s i t i c  chemical r e a c t i o n s ,  the  depth reso lu-  
t i o n  was poor, and i n t e r p r e t a t i o n s  of t he  experimental  d a t a  must b e  considered 
semiquan t i t a t ive  i n  c h a r a c t e r .  Concentrat ions of O 2  below the a t %  l e v e l  were 
not  measurable.  

Auger s p e c t r a  from a  c l e a n  Nb s u r f a c e  a r e  obta ined  a f t e r  removal of about 
500 by argon s p u t t e r i n g .  

I n  furnace cleaned samples, t h e  r eg ion  of h igh  oxygen concen t ra t ion  i s  
about 75 L t h i c k  - i n  c o n t r a s t  wi th  previous r e s u l t s  118 1 obta ined  from samples 
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cleaned i n  UHV and never exposed t o  a i r  g r i o r  t o  the  Auger a n a l y s i s ,  which 
r e p o r t  an oxygen-rich r eg ion  of on ly  10 A a t  the  Nb su r face .  

For chemical ly pol ished samples, oxygen p e n e t r a t i o n  depth a t t a i n s  100 t o  
150 i, and a f t e r  d i s s o l u t i o n  of oxide i n  a c i d ,  remains equal  t o  about 90 1. 
I n  a d d i t i o n ,  t h e  var ious  su r face  t rea tments  correspond t o  d i f f e r e n t  oxides:  
chemical p repa ra t ions  of Nb su r faces  r e s u l t  i n  lower oxides  than  anodizing and 
than t reatment  a t  high temperature i n  UHV . I n  both c a s e s ,  t h e  oxide l a y e r  i s  
made of pentoxide.  

Concerning oxygen, t h e  most s i g n i f i c a n t  conclus ion  t o  be drawn from t h i s  
work i s  t h a t  t he  su r face  t rea tments  r e s u l t  i n  su r faces  covered by l a y e r s  of 
lower oxides on t h e  o rde r  of 100 A t h i c k .  A t y p i c a l  Nb su r face  would have a  
layered s t r u c t u r e  c o n s i s t i n g  of  a  good d i e l e c t r i c  pentoxi.de s u p e r f i c i a l  
l a y e r ,  a  two-phase (Nb02 + NbO) l a y e r ,  up t o  50 1 t h i c k ;  a  two-phase l a y e r  
NbO-Nb roughly 50 1 t h i ck ,  followed by s i n g l e  phase Nb with 0 a s  i n t e r s t i t i a l .  

4 .4  - Auger e l e c t r o n  spectroscopy and XPS 

Very r e c e n t l y ,  a t  Karlsruhe (191 ,  q u a n t i t a t i v e  measurements of the  oxida- 
t i o n  of Nb s u r f a c e s  have been c a r r i e d  ou t  f o r  t y p i c a l  procedures used i n  the  
p repa ra t ion  of Nb s u r f a c e s ;  UHV anneal ing,  ox ipo l i sh ing  (OP), e l ec t ropo l i sh -  
i ng  (EP) , handling i n  a i r ,  H20 o r  H202 . 

Measurements a r e  performed i n  a  X-ray photoe lec t ron  spec trome t e r  wi th  a  
base p res su re  i n  t h e  1 0 - ~  Torr  r eg ion .  Af t e r  chemical t rea tment ,  o r  oxipo- 
l i s h i n g ,  o r  e l e c t r o p o l i s h i n g ,  t he  samples a r e  thoroughly r in sed  i n  d i s t i l l e d  
water  and d r i ed  i n  methanol before t h e i r  t r a n s f e r  i n t o  the  vacuum chamber. 
So they a r e  i n  c o n t a c t  during about ha l f  an  hour wi th  a i r  be fo re  s t a r t i n g  t o  
pump the  vacuum tank.  

Nb double peaks were used f o r  the measurements. Double peaks f o r  Nb, and 
N b 5 +  i ons  i n  Nb205 a r e  s h i f t e d  by about 5 .2  eV r e s p e c t i v e l y ,  a s  shown on the  
f i g u r e  3 .  By a mathematical t rea tment  of t h e  observed peaks, i t  has  been pos- 
s i b l e  t o  ob ta in  t h e  c o n t r i b u t i o n  of t he  lower ox ides .  The measurement of pho- 
toe l ec t rons  a t  d i f f e r e n t  angles  of emission g ives ,  i n  a d d i t i o n ,  t he  oxide 
th ickness .  

I n  a l l  c a s e s ,  the  predominant oxide i s  Nb205. From t h e  XPS s p e c t r a ,  t he  
c o n t r i b u t i o n  of lower oxides may b e  obta ined  and then separa ted  i n t o  c o n t r i -  
but ions  of two d i f f e r e n t  va lences ,  wi th  two chemical s h i f t s ,  one of which cor-  
responds t o  NbO, the  o t h e r  being a t t r i b u t e d  t o  Nb20 . I t  i s  important  t o  em- 
phasize t h a t  w i t h i n  the  d e t e c t i o n  l i m i t  of the  spectrometer ,  es t imated  t o  
about one h a l f  a  monolayer, Nb02 was never present  i n  the  oxide c o a t i n g .  

The pentoxide l a y e r  i s  about 22 and 15 f o r  OP and high temperature 
t reatment  (HT) r e s p e c t i v e l y ,  wi th  l o c a l  v a r i a t i o n s  of about 2 10 % . I n  con- 
t r a s t ,  EP samples a r e  sovered by a  very rough pentoxide l a y e r ,  whose th ickness  
ranges from 70 t o  390 A .  I n  a l l  cases  t h e  mean th ickness  of  lower oxides  cor- 
responds t o  about two monolayers, i n  c o n t r a d i c t i o n  t o  the  r e s u l t s  obtained by 
Hahn and Halama (50 A ) .  

Depth p r o f i l e s  measurements have been performed, wi th  XPS and AES, by 
s p u t t e r i n g  the  oxides ,  i n  o rde r  t o  compare the  r e s u l t s  given by the  two me- 
thods. 
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XPS r e s u l t s  show t h a t  s p u t t e r i n g  and e l e c t r o n  bombardment a r e  a b l e  t o  
c r e a t e  i n  s i t u  lower ox ides .  A f t e r  one minute of A r  i o n  impact Nb2O5 h a s  
d isappeared  and on ly  NbO i s  l e f t  on  t h e  s u r f a c e .  

Depth p r o f i l e s  obta ined  by AES a r e  s i m i l a r  t o  those  published by t h e  
Brookhaven group, t h e  0 con ten t  extending t o  a depth l a r g e r  than  t h e  i n i t i a l  
oxides th i ckness .  A r eg ion  of l 'd issolvedl '  oxygen e x i s t s  below t h e  NbO l a y e r ,  
i t s  ex tens ion  be ing  d i f f e r e n t  f o r  the  va r ious  p r e p a r a t i o n  methods. (From 20 
t o  40 1 f o r  HT samples, up t o  100 f o r  EP and anodized samples) .  

XPS and AES a l low the  fo l lowing  p i c t u r e  of t h e  Nb-Nb oxide  i n t e r f a c e ,  
which i s  summarized on t h e  f i g u r e  4 .  The format ion  of oxides  on Nb s t a r t s  
w i th  a m e t a l l i c  oxide,  whose th i ckness  h a s  s t r o n g  l o c a l  v a r i a t i o n s ,  w i th  a 
mean va lue  of about 10 l .  On top of t h i s  NbO l a y e r ,  a n  amorphous d i e l e c t r i c  
oxide Nb2O5 i s  growing. For Nb205 grown slowly,  i t s  e x t e r n a l  s u r f a c e  i s  very  
smooth. A f t e r  cool-down i n  t h e  fu rnace ,  and t r a n s f e r  t o  t h e  XPS s e t  up, Nb205 
h a s  a th i ckness  of 20 1, growing t o  about t o  60 R f u r t h e r  i n  a i r  i n  some weeks. 
For f a s t  grown oxides  ( i n  H 2 0  o r  i n  H202), a f t e r  some minutes a th ickness  of 
60 is reached, w i th  s t r o n g  th i ckness  v a r i a t i o n s .  I n  a d d i t i o n ,  underneath 
t h e  NbO l a y e r ,  t h e  Nb l a t t i c e  c o n t a i n s  d i s so lved  oxygen, which i s  p r e s e n t  p a r t -  
l y  a s  a bulk impur i ty ,  and p a r t l y  due t o  the o x i d a t i o n  of t h e  Nb s u r f a c e .  

A s  i t  w i l l  be  shown l a t e r ,  Nb02 may appear  under e l e c t r o n  bombardment, by 
p icking  up 0 from t h e  r e s i d u a l  atmosphere i n  t h e  spec t rometer .  

4.5 - U.V. photon spectrornetry (UPS) 

The e l e c t r o n i c  s t r u c t u r e  of t he  valence band of Nb has  been s tud ied  by 
u l t r a v i o l e t  photoemission spec t roscopy (201, f o r  a b e t t e r  understanding of t h e  
superconduct ing p r o p e r t i e s  of  t h e s e  m a t e r i a l ,  which i s  t h e  element wi th  t h e  
h i g h e s t  c r i t i c a l  temperature.  Furthermore, t h e  h i g h e s t  Tc a r e  obta ined  w i t h  
compounds con ta in ing  Nb . 

Pho t o y i e l d  and energy d i s t r i b u t i o n  curves  were obta ined  from Nb f i l m s  
evaporated onto  a Nb s u b s t r a t e  i n  a UHV chamber wi th  a base  p res su re  i n  the  
10- Torr  range .  There is  a good agreement between theory  and experiment 
both  concerning d-band width and s t r u c t u r e s  i n  t h e  valence band. Nb shows 
i n t e r e s t i n g  s u r f a c e  p r o p e r t i e s ,  and is ext remely  s e n s i t i v e  to  contaminat ion.  
A s  an example, t h e r e  i s  n o t i c e a b l e  change i n  t h e  EDC t h r e e  hours  a f t e r  a n  eva- 
p o r a t i o n  d e s p i t e  t h e  f a c t  t h a t  t h e  ambient p re s su re  i s  b e t t e r  than  1 ~ 1 0 - ~ ~  Torr.  

The i n i t i a l  s t a g e s  i n  t h e  o x i d a t i o n  of Nb have been  s t u d i e d  by t h e  same 
W photoemission technique,  f o r  photon e n e r g i e s  below 12 eV . 

Changes of s t r u c t u r e  i n  t h e  e l e c t r o n  d i s t r i b u t i o n  curves ob ta ined  i n  UPS 
a r e  c o r r e l a t e d  w i t h  format ion  of d i f f e r e n t  types  of Nb ox ides .  A t  l e a s t  t h r e e  
d i f f e r e n t  ox ides ,  o r  mixtures  of ox ides  have been observed.  Nb02 and NbO 
oxides seem t o  form f i r s t  a p r o t e c t i v e  l a y e r .  The pentoxide Nb2O5 i s  obta ined  
a f t e r  h e a v i e r  o x i d a t i o n .  

The  f i r s t  experiments were c a r r i e d  o u t  a t  room tempera ture .  

Except f o r  t h e  appearance of a peak corresponding t o  i n i t i a l  e n e r g i e s  
loca ted  4 eV below t h e  Fermi l e v e l  w i th  i n c r e a s i n g  exposure t o  oxygen, t h e  
i n i t i a l  i n c r e a s e  i n  work f u n c t i o n  from 4 .3  t o  5.5  e V  is t h e  most remarkable 

SRF80-4 Proceedings of SRF Workshop 1980, Karlsruhe, Germany



change. The f a c t  t h a t  t h e  work f u n c t i o n  then  remains S t a b l e  from 20 L t o  
a t  l e a s t  up to  lo4 L exposure i n d i c a t e s  t h a t  t h e  Nb s u r f a c e  i s  pass iva ted  very 
qu ick ly  due t o  t h e  formation of a t h i n  p r o t e c t i v e  oxide  l a y e r .  From t h e  evo- 
l u t i o n  of t h e  shape of t h e  energy spectrum i t  i s  c l e a r  t h a t  t h i s  l a y e r  i s  me- 
t a l l i c  i n  c h a r a c t e r .  

When t h e  o x i d a t i o n  i s  performed a t  e l e v a t e d  temperature,  t h e  p r o t e c t i v e  
l a y e r  may be broken up and a new oxide  i s  formed, probably Nb02 . I f  t h e  sam- 
p l e s  a r e  oxid ized  a t  h igh  temperature,  and a tmospher ic  p r e s s u r e ,  t h e  energy 
d i s t r i b u t i o n  curves  become p rogres s ive ly  c h a r a c t e r i s t i c  of a n  i n s u l a t o r ,  pro- 
bably  Nb205 . 

The f i g u r e  5 r e p r e s e n t s  t h e  d i f f e r e n t  o x i d a t i o n  s t a g e s  f o r  Nb. 

Other  experiments on ox ida t ion  of Nb and Nb3Sn were performed us ing  t h i n  
f o i l s  of  Nb and photons wi th  h igher  ene rg ie s  (hv > 100 eV), i n  a UPS equipped 
wi th  a n  AES (21  l .  

A success fu l  method f o r  ob ta in ing  a tomica l ly  c l e a n  Nb s u r f a c e s  i s  des- 
c r ibed :  

- an  h e a t i n g  t o  temperatures  g r e a t e r  t h a n  2000 "C i n  UHV wi th  p I O - ~  Torr  
f o r  15 minutes evapora tes  o f f  Nb oxides ,  

- temperature i s  then  lowered t o  1400 O C  f o r  15 minutes,  t o  a l low carbon t o  
d i f f u s e  from the  s u r f a c e  t o  t h e  bulk ,  

- f i n a l l y ,  t he  su r face  must remain a t  about  800 'C, p r i o r  t o  measurement, t o  
prevent  a chemisorpt ion of 02 o r  CO . 

With t h i s  procedure, contaminat ion f r e e  AES and UPS s p e c t r a  a r e  ob ta ined .  

I n  these  experiments ,  chemical s h i f t s  of t he  peaks have been measured, 
and t h e i r  obse rva t ion  confirms t h e  e x i s t e n c e  of  t h r e e  s t a g e s  i n  t h e  o x i d a t i o n  
processes ,  corresponding t o  the  format ion  of  t h e  d i s t i n c t  Nb oxides :  NbO, Nb02 
and Nb2O5 . The oxygen would i n i t i a l l y  d i f f u s e  i n t o  t h e  bulk,  forming a NbO 
l a y e r .  The NbO l a y e r  con t inues  t o  grow deeper  i n t o  t h e  bulk and a new Nb02 
oxide  nuc lea t e s  a t  t h e  s u r f a c e .  These new l a y e r  a l s o  propagates  i n t o  t h e  bulk 
m a t e r i a l  a s  t h e  Nb2O5 nuc lea t e s  a t  t h e  s u r f a c e .  F i n a l l y ,  a Nb205 l a y e r  grows 
i n t o  the  bulk and perhaps a mixed phase of  Nb02 remains inc luded i n  t h e  Nb205 
a s  i t  grows. A t  room temperature,  and w i t h  103 L02 exposure the  ox ide  grows 
deeper than  t h e  escape depth  a t  21.2 eV i n  the  Nb205 (which i s  about 20 A ) .  

I n  a second s e r i e  of  experiments ,  c l e a n  and oxid ized  Nb3Sn s u r f a c e s  were 
s t u d i e d  us ing  photoemission spectroscopy,  to  determine valence and co re  l e v e l s .  
For c l e a n  Nb3Sn, t h e  va lence  band b e a r s  a s t r o n g  resemblance t o  Nb. 

The f i r s t  s t a g e s  of t h e  o x i d a t i o n  of Nb3Sn were a l s o  s t u d i e d .  Compared 
t o  Nb, t h e  oxides  o f  Nb3Sn form a p r o t e c t i v e  l a y e r ,  bu t  t h e  oxygen p e n e t r a t i o n  
;is n o t  a s  deep - a s  shown by the  energy s p e c t r a  corresponding t o  a m e t a l l i c  
emission,  even f o r  near the  s a t u r a t i o n .  I n  t h e  h ighe r  energy d a t a ,  chemical 
s h i f t s  of the  peaks can  be  a s s o c i a t e d  wi th  Sn02 and Nb2O5, i n  a d d i t i o n  t o  
Nb3Sn o r  Nb metal  and o t h e r  Nb ox ides .  A f t e r  anneal ing  the  sample t o  1000 "C, 
t he  o u t e r  l a y e r  of  t h e  o x i d e o i s  composed e s s e n t i a l l y  of SnOe and Nb205, w i th  
a th ickness  o f  about 10 - 15 A, t h a t  i s  l e s s  than  f o r  pure Nb . 
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V .  IRRADIATION EFFECTS 

E l e c t r o n  i r r a d i a t i o n  e f f e c t s  on  oxid ized  Nb f o i l s  and Nb205 was s t u d i e d  
by AES [ 2 2 l .  From observed s h i f t  of t h e  energy peaks, one i s  a b l e  t o  examine 
the  beam e f f e c t  on the  specimen. The f i g u r e  6 r e p r e s e n t s  two s e r i e s  of Auger 
s p e c t r a  recorded from an ox id ized  Nb f o i l ,  bombarded by e l e c t r o n s  of energy 
Ep = 2 keV and with a  c u r r e n t  Ip = 15 W and from a pure Nb205 powder as a 
r e f e r e n c e .  I n  a  spectrum corresponding t o  oxid ized  Nb, t h e  t r a n s i t i o n  peaks 
invo lv ing  valence e l e c t r o n s  appear  t o  be  double t ,  the s e p a r a t i o n  of each dou- 
b l e t  be ing  about 5 eV . The low energy peak i n  each doublet  e x i s t s  only  i n  the  
oxide s t a t e ,  and corresponds t o  Nb atoms bound t o  oxygen. The o t h e r  peak i s  
t h e  "metal" peak. By i r r a d i a t i o n ,  the  metal peak grows a t  t h e  expense of i t s  
oxide coun te rpa r t  and i n  the  meantime the  oxygen peak h e i g h t  reduces correspon- 
d ing ly .  The s u r f a c e  of t h e  ox id ized  sample becomes enr iched wi th  Nb due i r r a -  
diat ion-induced d i s s o c i a t i o n  of the  oxide ,  and l o s s  of oxygen. A t  t h e  same 
time, t h e  carbon peak shape remains g raph i t e - l ike  i n  form, i n d i c a t i n g  t h a t  no 
ca rb ide  b u i l d s  up under e l e c t r o n  bombardment. 

The beam i r r a d i a t e d  region ,  on both  type of specimens, can be  e a s i l y  re- 
cognized by a co lour  change: the  white  co lour  of t h e  Nb205 powder decreases  and 
the dark co lour  of  m e t a l l i c  and lower oxide (NbO) mixture inc reases  by bombard- 
ment. 

The obse rva t ion  of d i s s o c i a t i o n  and reduc t ion  of s u r f a c e  oxide was sup- 
por ted  by ESD measurements, by measuring t h e  H+ ,  OH+ and 0' s i g n a l s  wi th  a  
quadrupole mass ana lyze r .  A sha rp  i n c r e a s e  of t h e  0+ s i g n a l  i s  observed i n  the  
e a r l i e r  s t a g e s  of e l e c t r o n  bombardment. Af t e r  5 h of bombardment, 0+  dominates 
the f i n a l  ESD spectrum. (ESD = Electi-on St imula ted  ~ e s o r p t i o n )  . 

A c a r e f u l  a n a l y s i s  of  t h e  observed Auger peaks leads t o  the  conclus ion  t h a t  
the  s u p e r f i c i a l  l a y e r  of a n  oxid ized  Nb f o i l  was enriched wi th  about 50 % of Nb, 
due t o  beam i r r a d i a t i o n ,  the  a l t e r e d  l a y e r  be ing  more than 100 1 t h i c k .  

These obse rva t ions  , c l e a r l y  show t h a t  t h e  e l e c t r o n  beam can g r e a t l y  a l t e r  
t h e  composition of t h e  Nb ox ide ,  under p a r t i c u l a r  cond i t ions  and some precau- 
t i o n  must b e  taken when us ing  a combination of  AES and simultaneous ion  sput-  
t e r i n g ,  s i n c e  the  spu t t e r -e t ch  r a t e  can  inc rease  w i t h i n  the  i l l umina ted  beam 
a r e a .  

The a c t i o n  of e l e c t r o n  i r r a d i a t i o n  on t h i n  Nb oxides  have been s t u d i e d  
independently by XPS [ l 9  l ,  a f t e r  impact of 1 keV e l e c t r o n s  wi th  a  d e n s i t y  o f  
100 &/cm2. With i r r a d i a t i o n ,  the  oxide Nb02 appears  and grows till about 
3 monolayers i n  70 minutes;  a t  t he  same time, the  Nb205 i n t e n s i t y  decreases  
and t h e  oxygen concen t ra t ion  i n  the  metal s l i g h t l y  i n c r e a s e s .  No change can 
be observed i n  t h e  region  of lower oxides .  

I f  h ighe r  c u r r e n t  d e n s i t i e s  a r e  used i n  t h e  e l e c t r o n  beam, the Nb02 
s i g n a l  sh r inks  and t h e  Nb205 s i g n a l  grows, because 0 i s  picked up from vacuum, 
i n  agreement wi th  o u r  obse rva t ions  ( 23  l .  

Thus, t he  e l e c t r o n  beam a c t i o n  may b e  very  d i f f e r e n t ,  depending on the  
experimental  cond i t ions ,  and most p a r t i c u l a r l y  on c u r r e n t  dens i ty  and r e s i d u a l  
atmosphere composition. 

The a c t i o n  of low energy ions  have been observed i n  t h e  same experiments: 
a f t e r  A r  s p u t t e r i n g  wi th  1 kV ions  (2.5 &/cm2) Nb30c, d i sappea r s  and a lower 
oxide (NbO) i s  c rea ted  by t h e  i o n  bombardment, which-extends t o  a  depth l a r g e r  
then the  i n i t i a l  oxide th i ckness .  
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I n  a d d i t i o n ,  A r  i o n  bombardment change t h e  l i n e  shape o f  t h e  carbon s i g n a l  
from g r a p h i t e  (hydrocarbons) t o  c a r b i d e .  

The bombardment o f  Nb20s wi th  ~ r +  o r  0: i ons  a l s o  l eads  t o  t he  development 
of a  su r f ace  l a y e r  of NbO (241. The l a y e r  begins  t o  form a t  3 . 4 ~ 1 0 ~ ~  ions/cm2 
a s  random n u c l e i  of diameter  10 t o  15 % which can  be reso lved  by t r ansmis s ion  
e l e c t r o n  microscopy . The f i n a l  th ickness  of  t h e  s u r f a c e  l a y e r  i s  roughly 300 A .  
I n  t h e s e  experiments ,  Nb205 f i l m s  were peeled o f f  from oxid ized  Nb p l a t e s ,  then  
supported on g r i d s  and bombarded by 35 keV i o n s .  The bombarding c u r r e n t  was 
kep t  t o  about 5 p ~ / c m 2  t o  avoid thermal h e a t i n g .  High energy e l e c t r o n  d i f f r a c -  
t i o n  g ives  pa t te rns  which a r e  c h a r a c t e r i s t i c  of NbO . 

This phenomenon c a n  be understood from a model which combines p r e f e r e n t i a l  
oxygen s p u t t e r i n g  a t  t h e  s u r f a c e ,  d i f f u s i o n  of  t h e  r e l e v a n t  point-defec t s  and 
random n u c l e a t i o n  of  the  suboxide NbO . A gradual  c o l o u r  change from wh i t e  t o  
b lack  was observed dur ing  bombardment w i th  darkening complete a t  a  dose of 
about 1-3x 1017 ions/cm2. 

I r r a d i a t i o n  of Nb and ox id i zed  Nb s u r f a c e s  by h igh  energy ions  i n  super- 
conduct ing c a v i t i e s  has  l e d  t o  c o n t r a d i c t o r y  r e s u l t s .  A t  Brookhaven (25)  ir- 
r a d i a t i o n  by h igh  energy pro tons  l e a d  t o  a n  heavy degrada t ion  of Q and RF peak 
f i e l d  va lues ,  t h e  anodized c a v i t i e s  showing a  cons iderab ly  g r e a t e r  deg rada t ion  
t h a t  those  no t  anodized.  On the  c o n t r a r y ,  experiments  c a r r i e d  ou t  i n  t he  
Siemens l a b o r a t o r y  on anodized c a v i t i e s  a f t e r  i r r a d i a t i o n  by l o r  3  MeV protons,  
were unable t o  show any in f luence  of t h e  i r r a d i a t i o n  upon t h e  Q and the  peak 
magnetic f i e l d  (261. 

I n  t h e  Siemens experiments,  t h e  whole c a v i t y  was homogeneously i r r a d i a t e d ,  
and the  c a l c u l a t e d  d e n s i t y  of d e f e c t s  produced i n  Nb were 10 - 100 times g r e a t e r  
than t h a t  ob ta ined  a t  Brookhaven. A t  Brookhaven, on ly  a n  a r e a  of 1 cm2 was 
bombarded wi th  pro tons . 

I t  i s  suggested t h a t  t h e  observed degrada t ion  i s  n o t  due i n  any way t o  the  
formation of l a t t i c e  d e f e c t s  i n  Nb. 

Consider ing now t h e  a c t i o n  of ions  on  t h e  ox ide ,  lower ox ides  a r e  cer -  
t a i n l y  formed by r educ t ion  of Nb2O5 . But aga in ,  t he  t o t a l  energy dose i n  t h e  
oxide i s  10 to  100 times g r e a t e r  i n  t h e  second s e r i e  o f  experiments .  I n  con- 
c l u s i o n ,  Nb205 seems t o  have a  h igh  r e s i s t a n c e  t o  r a d i a t i o n .  

From va r ious  experiments performed wi th  i o n  bombardment, we may conclude 
t h a t  i o n  bombardment c r e a t e s  lower oxide (NbO, Nb02) by r educ t ion  of Nb205, and 
p rog re s s ive ly  t ransforms a  smooth s u r f a c e  i n t o  a  rough s u r f a c e .  Sur face  da- 
mages c e r t a i n l y  a c c e l e r a t e s  the  ox ida t ion  of Nb s u r f a c e s ,  0  being taken from the  
r e s i d u a l  atmosphere, and a n  equ i l i b r ium between s p u t t e r i n g  and r eadso rp t ion  of 
oxygen may be  observed.  A l l  these  phenomena e x p l a i n  t h a t  i n  t h e  depth p r o f i l e s  
ob ta ined  by AES, t h e  0 con ten t  ex tends  t o  a  depth  l a r g e r  than  t h e  t r u e  ox ide  
t h i cknes s .  

Thus by combining AES ( o r  ISS) and i o n  s p u t t e r i n g  i t  i s  d i f f i c u l t  t o  ob- 
t a i n  t he  r e a l  composi t ion and d i s t r i b u t i o n  of ox ides  i n  t h e  s u r f a c e  l a y e r .  
Only r e l a t i v e  comparisons between p r o f i l e s  of d i f f e r e n t l y  prepared samples can  
be  made by t h i s  d e s t r u c t i v e  methods. Only XPS, UPS, without  i o n  s p u t t e r i n g  
w i l l  be a b l e  t o  g ive  q u a n t i t a t i v e  r e s u l t s  - b u t  only f o r  ve ry  t h i n  s u r f a c e  
l a y e r s  -. 
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PART 11. ELECTRON EMISSION 

I .  INTRODUCTION 

One of t h e  p r i n c i p a l  l i m i t a t i o n  i n  achiev ing  h igh  a c c e l e r a t i n g  f i e l d s  i n  
microwave c a v i t i e s  i s  t h e  phenomenon of mu l t ipac to r .  I n  N b  c a v i t i e s  ope ra t ing  
i n  S-band, s t u d i e s  a t  S tanford ,  Corne l l ,  Karlsruhe and Wuppertal, have shown 
t h a t  one s u r f  ace  mu1 t i p a c  t o r  i s  t h e  dominant l i m i t i n g  mechanism. 

Resonant m u l t i p l i c a t i o n  may take  p l ace  provided t h a t  t h e  secondary emis- 
s i o n  c o e f f i c i e n t  of t h e  su r f ace  i s  l a r g e r  than u n i t y .  According t r a j e c t o r i e s  
c a l c u l a t i o n s ,  i n  c y l i n d r i c a l  o r  i n  r ec t angu la r  muff in- t in  c a v i t i e s ,  t h e  e l ec -  
t r o n s  r e t u r n  t o  t h e  su r f ace  wi th  k i n e t i c  ene rg i e s  i n  t h e  50 - 1000 eV range,  
and i t  i s  c l e a r  t h a t  t h e  secondary emission c o e f f i c i e n t  i n  t h i s  primary energy 
range plays a  c r u c i a l  r o l e  i n  determining the  s t r e n g t h  of t h e  mu1 t i p a c t o r  bar- 
r i e r s .  

Severa l  l a b o r a t o r i e s  have measured t h e  secondary emission c o e f f i c i e n t  f o r  
m a t e r i a l s  of i n t e r e s t  t o  superconduct ing a c c e l e r a t o r s  c a v i t i e s ,  t he  su r f aces  
of the  samples be ing  prepared by the  methods commonly employed f o r  supercon- 
duc t i n g  c a v i t i e s .  

A t  Cornel l  Univers i ty ,  t h e  m a t e r i a l  t e s t e d  were Nb, anodized Nb, NbgSn, 
NbN, T i  and T i N .  These two l a s t  m a t e r i a l s  have been depos i ted  i n  t h e  p a s t  a s  
c o a t i n g  f o r  s u r f a c e s  of convent ional  microwave copper c a v i t i e s  i n  a n  at tempt  
t o  suppress  mu l t ipac to r ,  and more r e c e n t l y  on Nb c a v i t i e s .  

A t  P a r i s ,  we have measured %,oxid ized  Nb, Cu,and t h i n  l a y e r s  of T i  and C 
depos i t ed  on Nb . 

A t  CERN, a sys temat ic  s tudy  of t h e  in f luence  on secondary emission from Nb 
of var ious  su r f ace  t rea tments  have been r e c e n t l y  c a r r i e d  o u t .  

The in f luence  of t h i n  oxide l a y e r s  on the  secondary emission has  been 
s t u d i e d  a t  Kar l s ruhe .  

2. SECONDARY EMISSION FROM Nb SURFACES 

I n  the  Cornel l  experiments (271,  the  sample were placed i n  a  UHV system 
pumped o u t  t o  I O - ~  Tor r ,  and the  a r e a  under t e s t  was cleaned by i o n  s p u t t e r i n g .  
An Auger spectrum was r e g i s t e r e d  immediately a f t e r .  

Values of 6  a r e  g iven  a s  a  f u n c t i o n  of primary e l e c t r o n  ene rg i e s  E t h a t  P ' 
a r e  va r i ed  from 200 t o  2000 eV, f o r  su r f aces  i n  t y p i c a l  s i t u a t i o n s :  be fo re  
c l ean ing ,  a f t e r  c l ean ing  ( i . e .  a f t e r  removal of a  200 th i ck  l a y e r  by i on  
s p u t t e r i n g )  and f i n a l l y  a f t e r  e x p o s i t i o n  t o  a i r  (F ig .  7 )  . 

For a  c l e a n  Nb s u r f a c e ,  
&max 

a t t a i n s  about 1.2 and t h e  energy domain 

E1 < E < E2 i n  which 6 is  g r e a t e r  than  u n i t y  extends from about 100 t o  1300 eV. 
A f t e r  c l ean ing ,  t h e  secondary emission from Nb covered w i t h  a  2000 A t h i c k  
l a y e r  of Nb205, i s  lower than  t h e  one from c l e a n  Nb . Before c l ean ing ,  t h e  
emission i s  comparable i n  both c a s e s .  But Nb205 reduces the  width of t h e  
energy domain El - E2 t o  about 150 - 800 eV. I n  a l l  c a s e s ,  a n  exposure t o  a i r  
i nc reases  t h e  secondary emission y i e l d s .  
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Auger s p e c t r a  show t h a t  i n  pure N b ,  a  carbon peak i s  always p re sen t ,  even 
a f t e r  c l ean ing .  I n  Nb205 t h e  carbon peak i s  p r e s e n t  be fo re  c l ean ing ,  d i sappears  
a f t e r  i o n  s p u t t e r i n g ,  and s l i g h t l y  reappears  a f t e r  a n  exposure t o  a i r .  Nb205 
i s  always contaminated by n i t rogen ,  due t o  t h e  NH3 ba th .  

These r e s u l t s  f o r  Nb and anodized Nb sugges t  t h a t  c a v i t i e s  s u r f a c e s  pre- 
pared by wet chemical methods a r e  l i k e l y  t o  show s t r o n g  mul t ipac to r ing ,  bu t  
t h a t  t h e  s i t u a t i o n  may b e  improved by a n  a rgon d ischarge ,  c l ean ing  t h e  conta-  
minated s u r f a c e s  i n  s i t u .  

Secondary emission from c l e a n  Nb3Sn may b e  compared t o  t h e  emission from 
c l e a n  Nb, w i th  a  6max of about  6m = 1.3 

The new m a t e r i a l  NbN (Tc - 16K)  has  a  secondary emission c o e f f i c i e n t  
l a r g e r  t han  u n i t y ,  and the  curve  6(Ep) i s  q u i t e  c l o s e  t o  t he  curve correspond- 
i n g  t o  Nb205 . 

Clean Ti  would be a  very  i n t e r e s t i n g  m a t e r i a l ,  a s  i t s  6 c o e f f i c i e n t  re-  
mains lower than  u n i t y  (6, = 0.95) ,  b u t  un fo r tuna te ly ,  an  exposure t o  a i r  mar- 
kedly inc reases  6,), t o  about  1.35 . I n  comparison t h e  emission of a  t h i n  l a y e r  
of T i N ,  1000 A t h i c k ,  ob ta ined  by r e a c t i v e  s p u t t e r i n g  of  T i  i n  a  N atmosphere, 
i s  l a r g e r  t h a t  t h e  emission from T i  be fo re  c l ean ing ,  wi th  6,= 1.5 , s i m i l a r  
a f t e r  c leaning  (6 = 0.95) b u t  i s  l e s s  s eve re ly  a f f e c t e d  by a n  exposure t o  a i r  
(F ig .  8) . 

This  sugges ts  t h a t  TiN may prove a  more favourable  c o a t i n g  than  T i  f o r  t h e  
suppress ion  of mu l t ipac to r ,  a t  t h e  c o n d i t i o n  t o  prepare  t h e  ma te r i a l  i n  s i t u  
and then  avoid subsequent contaminat ion.  

Having i n  mind t h e s e  r e s u l t s  t h e  Corne l l  group at tempted t o  determine how 
t h e  RF performances of SC c a v i t i e s  can be a f f e c t e d  by applying t h i n  coa t ings  
of s i m i l a r  m a t e r i a l s ,  a s  we l l  t o  t r y  t o  overcome t h e  mu1 t i p a c t o r  b a r r i e r s  (28 )  . 

Sing le  c e l l  X-band and S-band muff in- t in  c a v i t i e s  have been coa ted .  Before 
c o a t i n g  t h e  Q. f a c t o r  of S-band c a v i t i e s  l i e  between 5 x 1 0 ~  and 1 . 5 ~ 1 0 ~ ~  . A t  

high RF power, mu l t ipac to r  b a r r i e r s  were encountered between 4 - 5 MeV/m and 
7 - 10 MeV/m . Very t h i n  coa t ings  f i l m s  ( 150 - 300 1) of T i ,  TiN and Rh, have 
been depos i ted  on  t h e  w a l l s  of t h e  c a v i t i e s .  Of t hese  t h r e e  m a t e r i a l s ,  Ti  has  
t h e  most pronounced e f f e c t  on Q, whi le  TiN has  t h e  l e a s t .  The presence of a  
normal metal  f i l m  i n c r e a s e s  t h e  s u r f a c e  r e s i s t a n c e  b u t  does n o t  c r e a t e  h o t  
spo t s  a t  h igh  power, so t h a t  f i e l d s  up t o  8 MeV/m can  s t i l l  b e  r e a l i z e d .  Un- 
f o r t u n a t e l y  t h e  mu1 t i p a c  t o r i n g  behaviour  remains una l t e r ed  by T i ,  and adverse- 
l y  a f f e c t e d  by T i N .  Only t h e  rhodium coa t ings  appear  t o  have b e n e f i c i a l  e f -  
f e c t s ,  and t h i s  may perhaps be r e l a t e d  t o  t h e  absence of any s i g n i f i c a n t  oxide 
l a y e r .  I n  a d d i t i o n ,  i t  i s  no t  su re  t h a t  t h e  very t h i n  f i l m s  used i n  t hese  ex- 
periments were cont inuous,  and t h a t  Nb i s l a n d s  wi th  high va lues  of  6 were no t  
p r e s e n t .  

A t  CERN [ 2 9 ) ,  va r ious  a spec t s  of secondary e l e c t r o n  emission have been 
r e c e n t l y  s t u d i e d ,  i n  o rde r  t o  e x p l a i n  t h e  in f luence  on the  secondary emission 
c o e f f i c i e n t  6 of ( i )  t he  su r f ace  t rea tment ,  ( i i )  t h e  e l e c t r o n  dose,  ( i i i )  t he  
angle  of inc idence  of t h e  primary e l e c t r o n s ,  and ( i v )  t h e  temperature.  

Concerning t h e  su r f ace  t rea tment ,  t h e  conclus ions  a r e  t h e  fol lowing:  
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- baking t h e  vacuum chamber c o n t a i n i n g  t h e  sample a t  300 "C dur ing  
24 hours  dec reases  6 .  A f t e r  t h i s  t r ea tmen t ,  a  s h o r t  exposure t o  t h e  a i r  in -  
c r e a s e s  s l i g h t l y  6 wi thout  recover ing  the  i n i t i a l  v a l u e s  of  t h e  emiss ion .  

- e l e c t r o p o l i s h i n g  seems t o  have a  weak i n f l u e n c e  on 6 ,  which dec reases  
on ly  a t  h igh  primary e n e r g i e s .  

- a  gaseous d i scha rge  i n  Argon a t  a p r e s s u r e  of 1 0 - ~  To r r ,  w i t h  a n  i o n  
dose of about  1 0 ~ ~ / c m ~ ,  t he  ion  energy be ing  1 keV, dec reases  6  by a  l a r g e  
f a c t o r .  The f i g u r e  9 shows t h e  curves  cor responding  t o  an unbaked s u r f a c e ,  
and to  a  baked s u r f a c e  a f t e r  c l e a n i n g  by gas  d i scha rge .  

I f  t h e  gas  d i scha rge  c l ean ing  i s  performed i n  an unbaked system, t h e  
secondary emiss ion  of  t h e  c leaned  s u r f a c e  i s  i n s t a b l e ,  and 6 i n c r e a s e s  s lowly  
wi th  t ime.  On the  c o n t r a r y ,  i f  t h e  d i scha rge  c l e a n i n g  t a k e s  p l ace  i n  a  baked 
system, the  emiss ion  c o e f f i c i e n t  h a s  low and s t a b l e  va lues .  

- t h e  i n f luence  on 6 o f  t h e  e l e c t r o n  dose i s  i n  good agreement w i th  o u r  
r e s u l t s  ( 3 0 )  . 

- i f  a  baked s u r f a c e  i s  cooled t o  4 . 2  K,  t h e  v a l u e s  of 6 a r e  t he  same 
t h a t  the  va lues  ob ta ined  a t  ambient temperature be fo re  c o o l i n g  ( s e e  F i g .  10).  

Auger s p e c t r a  show t h a t  a f t e r  a  gaseous d i scha rge ,  t he  carbon and oxygen 
peaks d i s a p p e a r .  The i o n  bombardment seems t o  s p u t t e r  t h e  oxide  l a y e r ,  and 
a l s o  the  Nb l a y e r  c o n t a i n i n g  adsorbed oxygen. The t o t a l  absence of carbon i s  
s u r p r i s i n g ,  as carbon i s  p r e s e n t  i n  t h e  o r i g i n a l  sample, b u t  we may assume 
t h a t  carbon i s  e l i m i n a t e d  by t h e  d i scha rge ,  a f t e r  a  chemical r e a c t i o n  wi th  
oxygen, l i k e  i n  a n  ou tgas s ing  process  a t  h igh  tempera ture .  A f t e r  an  e l e c t r o n  
bombardment w i th  a  dose of  about  1 . 2 x  10 c/cm2, carbon and oxygen peaks a r e  
a g a i n  p r e s e n t  i n  the Auger s p e c t r a .  E l e c t r o n  bombardment i s  a t  the o r i g i n  of  a  
chemical t r ans fo rma t ion  of  a  s u r f a c e ,  a f t e r  induced adso rp t ion  of  molecules 
from t h e  r e s i d u a l  atmosphere.  

Very important  r e s u l t s  have been ob ta ined  concern ing  t h e  e v o l u t i o n  of t he  
parameter  E l  and E 2  which c h a r a c t e r i z e  t h e  two e l e c t r o n  primary ene rg i e s  f o r  
which 6 =  1 ,  f o r  va r ious  cond i t i ons :  ( i )  f o r  an unbaked s u r f a c e ,  E l  i s  l e s s  
than  30 e V ;  ( i i )  a f t e r  baking and gas d i scha rge ,  E 1  i s  r a i s e d  t o  140 eV, and 
6, lowered from 2.5 t o  1.23 ; ( i i i )  a n  exposure t o  a i r  du r ing  8 hours  lowers 

E l  t o  34 eV, and a  new bakeout i n c r e a s e s  E l  till 100 e V  ; ( i v )  a  new d i scha rge  
w i l l  be  necessary  t o  recover  t he  preceding  v a l u e  of  El = 140 e V  . 

A gas d i scha rge  i n  Argon seems a  good method to  c l e a n  the  s u r f a c e  and t o  
suppress  h igh  o r d e r  b a r r i e r s  of m u l t i p a c t o r ,  by r i s i n g  t h e  va lues  of  E l  . 

111. ACTION OF THE ELECTRON BEAM O N  SECONDARY EMISSION 

The f i r s t  experiments  made i n  o u r  l a b o r a t o r y  t o  s tudy  t h e  secondary emis- 
s i o n  of  v a r i o u s  meta l  s u r f a c e s  i n  1977-1978 have po in t ed  ou t  t he  s t r o n g  in-  
f l uence  o f  t he  e l e c t r o n  bombardment on  t h e  e v o l u t i o n  of 6 .  For t h e s e  exper i -  
ments,  a  vacuum chamber w i th  a  r e s i d u a l  p r e s s u r e  of abou t  1oq8 Torr  was used .  

For  a l l  specimens (Nb, ox id i zed  Nb, Cu, Au) c leaned  i n  methyl a l coho l  
be fo re  t h e i r  i n t r o d u c t i o n  i n t o  the chamber, i t  was observed a  r a p i d  dec rease  
of 6  du r ing  t h e  f i r s t  10 o r  20 minutes  of bombardment (F ig .  1 1  ( a ) ) ,  t h e  de- 
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creas ing- ra  t e  be ing  approximately p ropor t i ona l  t o  t he  e l e c t r o n  dose .  For Nb , 
o r  Cu, which a r e  always covered by a  n a t i v e  oxide l a y e r ,  t he  i n i t i a l  decrease  
of 6  i s  fol lowed by a  slow i n c r e a s e ,  and a f t e r  s e v e r a l  hou r s ,  a  s t a b l e  va lue  
of 6 i s  a t t a i n e d .  This  va lue  i nc reases  i f  t h e  sample i s  exposed t o  a i r ,  i n  
agreement w i th  Corne l l  and CERN experiments .  

I f  t h e  sample i s  coa ted  by a  Nb205 l a y e r  400 t o  1000 1 t h i c k ,  6 decreases  
cont inuous ly  towards i t s  f i n a l  va lue ,  wi th  6, = 1.05 (F ig .  1 1  ( b ) ) .  

Some experiments  have been c a r r i e d  ou t  i n  a n  Auger e l e c t r o n  spectrometer  
wi th  imaging p o s s i b i l i t i e s .  The bombardment reg ions  of t h e  Nb samples were 
v i s i b l e  on t h e  sc reen ,  and a n a l y s i s  of bombarded and unbombarded reg ions  
gave d i f f e r e n t  r e s u l t s :  t he  oxygen peak i s  h ighe r  i n  t he  i r r a d i a t e d  zones, and 
the  carbon peak lower,  than i n  t h e  surrounding r eg ions .  

The chemical a c t i o n  of the e l e c t r o n  beam i s  p a r t i c u l a r l y  s t rong  on a  c l e a n  
copper s u r f a c e ,  covered by i t s  n a t u r a l  oxide l a y e r .  A few seconds of bombard- 
ment wi th  a  c u r r e n t  dens i ty  of about 1 m ~ / c m ~  i s  s u f f i c i e n t  t o  change the  co- 
l o u r  of t h e  bombarded a r e a  from red  t o  purp le  corresponding t o  t he  growing of  
a  d i e l e c t r i c  l a y e r ,  probably made of Cu-oxide. A t  very  low e l e c t r o n  dose,  the  
i r r a d i a t e d  r eg ion  i s  n o t  v i s i b l e  i n  h igh  vacuum, bu t  i f  t h e  sample i s  exposed 
to  a i r ,  t h e  pu rp l e  co lour  appears  s lowly,  and the s u p e r f i c i a l  oxide l a y e r  grows 
cont inuous ly  dur ing  days .  

Such a  v i s i b l e  phenomenon was n o t  observed wi th  Nb o r  Nb205 s u r f a c e s ,  con- 
t r a s t i n g  wi th  o t h e r  experiments ( 2 2  ) .  The composition of  t h e  r e s i d u a l  atmo- 
sphere i n  the vacuum chamber t h a t  d i f f e r s  i n  the r e s p e c t i v e  experimental  de- 
v i c e s ,  c e r t a i n l y  p lays  an  important  r o l e .  

More r e c e n t l y ,  experiments were performed i n  a  b e t t e r  vacuum (3x 10-I O ~ o r r )  
a f t e r  ou tgas s ing  t h e  vacuum chamber a t  300 'C dur ing 24 hours  (31 )  . The evo- 
l u t i o n  i n  t ime of 6  was shown t o  be  more r ap id  than  i n  previous experiments ,  
made a t  a  p r e s su re  about 10-* Tor r .  I n  t h e  new system, t he  primary e l e c t r o n  
energy has  been va r i ed  from 50 t o  2500 eV . The l i m i t  va lue  of 6 under bom- 
bardment i s  t h e  same i n  both ca se s  f o r  Nb s u r f a c e s .  

Severa l  t h i n  f i l m  coa t ings  were s tud i ed :  T i  and C .  Very t h i n  f i l m s  of 
both m a t e r i a l s  have an  important  a c t i o n  on the  emission,  and 6, decreases  
t o  va lues  lower than u n i t y  f o r  a  T i  f i l m  th ickness  of about 100 i. (F ig .  1 2 ) .  

Carbon f i l m ,  obtained by evapora t ion  from h igh  p u r i t y  carbon e l e c t r o d e s ,  
have a  curve 6 (E ) which s t r o n g l y  d i f f e r s  from t h e  metal curves .  The r eg ion  

P wi th  6 > 1 i s  reduced more and more by the  e l e c t r o n  bombardment, but  wi thout  
r o t a t i o n  of  t h e  i n i t i a l  l i n e a r l y  growing p a r t  of t h e  curve .  The energy corres-  
ponding t o  6 = 1 i s  only  200 eV, and t h e  peak i n  6 (E ) becomes sha rpe r  and 
sharper  by i n c r e a s i n g  the  l a y e r  th ickness  (F ig .  13) .  'values of 6 < l a r e  ob- 
t a ined  wi th  a  t h i cknes s  of about 100 - 150 1. 

I V .  INFLUENCE OF A T H I N  OXIDE LAYER ON SECONDARY EMISSION 

I n  o rde r  t o  e x p l a i n  t h e  i n f luence  on the  secondary emiss ion  y i e l d  of t h e  
ox ide  l a y e r ,  and of t h e  adso rba t e s ,  t h a t  always cover  Nb - o r  Nb3Sn - s u r f a c e s ,  
and a l s o  t he  v a r i a t i o n  of t h e  emission induced by e l e c t r o n  o r  i o n  impact,  ex- 
periments have been c a r r i e d  o u t  a t  Kar l s ruhe ,  by X-ray photoe lec t ron  spec t ro-  
scopy (1  9 1 ( 3 2  1. The "secondary e l e c t r o n s ' '  t h a t  a r e  measured, a r e  slowed-down 
photoe lec t rons  . 
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It can be shown t h a t  t h e  t r u e  secondary e l e c t r o n s  produced by e l e c t r o n  
impact a r e  p ropor t iona l  t o  the  "secondary e l ec t rons ' '  c r e a t e d  by X-rays, and 
because t h e  shape o f  t h e  curve g iv ing  6 a s  a f u n c t i o n  of t h e  primary e l e c t r o n  
energy E is  un ive r sa l  f o r  homogeneous m a t e r i a l s ,  i t  may be assumed t h a t  t he  P 
e l e c t r o n  c u r r e n t  measured i n  X-ray experiments i s  d i r e c t l y  r e l a t e d  t o  the  
maximum va lue  6, of 6. Thus only  v a r i a t i o n s  o f  6m a r e  r epor t ed ,  f o r  va r ious  
s u r f a c e  t reatments ,and i n  r e l a t i o n  wi th  t h e  chemical composition of t h e  oxide 
l a y e r .  XPS shows t h a t  homogeneous l a y e r s  of Nb205 a r e  found f o r  dry  oxides  
(obtained by H.T. t rea tment  of Nb) about 20 1 t h i c k ,  whereas wet oxides  (ob- 
t a ined  by ox ipo l i sh ing ,  e l e c t r o p o l i s h i n g ,  o r  washing i n  wa te r )  a r e  t h i c k e r  
(about 60 A) and inhomogeneous. Wet oxides  c o n t a i n  adsorbed H20 molecules and 
a l l  ox ides  may c o n t a i n  adsorbed hydrocarbons o r  CO2 on  t h e i r  s u r f a c e .  

Wet oxides  are p o s i t i v e l y  charged by i r r a d i a t i o n  wi th  X-rays, and t h i s  
p o s i t i v e  d . c .  charg ing  enhances e l e c t r o n  emission by lowering t h e  work func- 
t i o n .  On t h e  con t ra ry  hydrocarbons become nega t ive ly  charged, enhance the  
work f u n c t i o n  and t h e n  l e s s e n  the  secondary emission.  

Large v a r i a t i o n s  of  secondary emission observed dur ing  e l e c t r o n  - o r  i o n  - 
bombardment may be  expla ined  a t  l e a s t  q u a l i t a t i v e l y  by t ak ing  i n t o  account both 
types of adso rba te s ,  and t h e  charge v a r i a t i o n s  a t  t h e  oxide s u r f a c e .  I n  addi- 
t i o n ,  e l e c t r o n  bombardment has a s t r o n g  chemical a c t i o n  on the  oxide i t s e l f  and 
on t h e  adso rba te s .  With e l e c t r o n  impact t h e  main change f o r  the  0-adsorbates 
(H20, 0) i s  t h e  t ransformat ion  of Nb2O5 i n t o  Nb02, t h e  growth of t he  oxide a t  
the expense of  t h e  adso rba te  and of t h e  r e s i d u a l  atmosphere. For t h e  C adsor- 
b a t e s  (CO, CO2, CH30H, o i l  molecules) ,  polymerizat ion may be  induced by the  
e l e c t r o n  beam. 

Namely, 6 is  enhanced over  6 r e l a t i v e  to  c l e a n  Nb by 30 % f o r  dry max max 
Nb205, by 5 0 %  f o r  Nbp05 con ta in ing  chemisorbed water  molecules,  and s t rong ly  
reduced i f  hydrocarbons p resen t  o n  the  s u r f a c e  a r e  polymerized by t h e  e l e c t r o n  
beam. 

Water adso rp t ion  and 0-adsorbates may be e l imina ted  by h e a t  t reatment  o r  
by hel ium o r  i o n  process ing ,  thus reducing 6 .  

With oxide con ta in ing  hydrocarbons, 6 decreases  of about  40 % f o r  an e l ec -  
t r o n  dose around 1 c/cm2 . A t  P a r i s  o r  a t  CERN, v a r i a t i o n s  of  30 and 40 % res -  
p e c t i v e l y  were found f o r  a n  e l e c t r o n  dose of 10 c/cm2 wi th  oxides  having a 
d i f f e r e n t  composition, and a l s o  the  r e s i d u a l  atmosphere was d i f f e r e n t .  

From t h i s  work, i t  i s  suggested t o  reduce the secondary emission by co- 
v e r i n g  the  s u r f a c e  wi th  ve ry  t h i n  f i lms  of polymerized hydrocarbons, which 
would g ive  lower emission than Nb205 oxide  l a y e r s ,  b u t  i t  w i l l  be a d i f f i c u l t  
t a s k  t o  e l a b o r a t e  s t a b l e  l a y e r s  i n  s i t u ,  and avoid t h e  contaminat ion of t h e i r  
s u r f a c e .  It seems more r e a l i s t i c  t o  cover  t h e  su r face  wi th  a t h i n  carbon film. 

V. FIELD EMISSION 

At very  h igh  f i e l d  l e v e l s ,  l oad ing  and X-ray emission which r e s u l t  from 
f i e l d  emi t ted  e l e c t r o n s  a l s o  l i m i t  t he  f i e l d  l e v e l  t h a t  can be  achieved i n  
p r a c t i c e  i n  SC c a v i t i e s .  

F i e l d  emiss ion  experiments a t  hel ium temperature have been performed a t  
Stanford (HEPL) both  f o r  d-c and RF f i e l d s  i n  o rde r  t o  s tudy f i e l d  emission 
enhanced by resonant  tunnel ing  of e l e c t r o n s  through s u r f  ace-S t a t e s  a s soc ia t ed  
wi th  adsorbed atoms (33) . 
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F i e l d  emission from c l e a n  su r faces  occurs  a t  va lues  of  t h e  f i e l d  g r e a t e r  
than 3 x 1 0 ~  V cm-l, a s  shown by experiments wi th  a  p o i n t  cathode f a c i n g  a  p lane  
anode . 

F i e l d  emission between broad a r e a  e l e c t r o d e s  occurs  f o r  f i e l d  va lues  10 
t o  100 times smal le r  than t h i s  and c u r r e n t s  a r e  observed which a r e  many o r d e r s  
of magnitude g r e a t e r  t han  those  p r e d i c t e d  by t h e  Fowler-Nordheim law. These 
apparent  d i sc repanc ie s  between systems u t i l i z i n g  point-to-plane geometry and 
systems using broad a r e a  e l e c t r o d e s  a r e  e a s i l y  explained by the ex i s t ence  o f  
microscopic p r o j e c t i o n s  on the  s u r f a c e  of l a r g e  e l e c t r o d e s ,  even a f t e r  pol i sh-  
i ng .  On the t i p  o f  these  micropoints ,  t he  l o c a l  f i e l d  may be enhanced by a  fac- 
t o r  B g r e a t e r  than  102, compared t o  t h e  mean f i e l d  e x i s t i n g  between the  e l ec -  
t rodes .  I n  a d d i t i o n ,  the anomalous behavior  of the  emi t ted  c u r r e n t  may be due 
t o  the  presence of adsorbed atoms on the  s u r f a c e ,  which in t roduce  a  p o t e n t i a l  
well  i n  the p o t e n t i a l  b a r r i e r .  I f  bound s t a t e s  of t h e  adsorba te  a r e  s l i g h t l y  
under the  Fermi l e v e l ,  resonant  tunnel ing  of e l e c t r o n s  from the  metal t o  the  
vacuum i n c r e a s e s  d rama t i ca l ly  t h e  c u r r e n t ,  a s  t h e  t r a n s i t i o n  p r o b a b i l i t y  o f  
e l e c t r o n s  of energy equal  t o  the adso rba te  l e v e l  i s  g r e a t l y  enhanced. Expe- 
r imenta l  measurements of t h e  energy d i s t r i b u t i o n  of emit ted e l e c t r o n s  demns-  
t r a t e  the ex i s t ence  of t h i s  resonant  tunnel ing  process .  

Using t h e  point-to-plane geometry, enhancement f a c t o r s  of 103 t o  lo4 f o r  
t h e  emi t ted  c u r r e n t  a r e  e a s i l y  observed between a very  c l e a n  t i p  su r face  and 
a t i p  covered wi th  adsorba tes  (F ig .  14) . 

Processing techniques can be app l i ed  i n  c a v i t i e s  t o  reduce f i e l d  emission.  
As a n  example, a  low c u r r e n t  glow discharge  i n  helium a t  a  pressure  of 1 0 ' ~  
Torr,  has two s p e c i f i c  a c t i o n s  on  the sur face :  d e s t r u c t i o n  o f  the  e m i t t i n g  
micropoints  having the  maximum f i e l d  enhancement f a c t o r ,  and desorpt ion  of t h e  
atoms bound t o  the  metal - o r  t o  the  oxide s u r f a c e .  

I n  c a v i t i e s ,  a t  high f i e l d  l e v e l s ,  f i e l d  emi t ted  e l e c t r o n  can be acce le-  
r a t ed  t o  h igh  ene rg ie s ,  and X-rays a r e  produced. The v a r i a t i o n  of t h e  in ten-  
s i t y  o f  X-radiat ion a s  a  f u n c t i o n  of t he  peak e l e c t r i c  f i e l d  i n  the c a v i t y  a r e  
i n  good agreement wi th  theory,  assuming f i e l d  e l e c t r o n  emission from the  w a l l .  
Helium processing a t  r e l a t i v e l y  low power l e v e l  dur ing  hours ,  i s  a b l e  t o  re -  
duce X-ray emission by l a r g e  f a c t o r s  and consequently t o  i n c r e a s e  t h e  power 
i n j e c t e d  i n  the  c a v i t y .  A c a r e f u l  s tudy of t h e  in f luence  of the  process ing  
on the  emi t ted  X-ray r a d i a t i o n  l e d  t o  t h e  conclusion t h a t  s p u t t e r i n g  of ad- 
sorbed atoms takes  p lace  i n  t h e  e a r l i e r  s t a g e s  of process ing ,  corresponding 
t o  a  lowering of t h e  apparent  f i e l d  enhancement f a c t o r  B ,  and a n  inc rease  of 
the work func t ion .  From these  experiments,  t h e  f a c t o r  B cannot  be considered 
only  a s  a  geometr ical  f a c t o r ,  b u t  l i k e  a f i t t i n g  f a c t o r ,  a s  pointed o u t  by 
H a l b r i t t e r  t341. 

I n  Nb c a v i t i e s ,  t h e  l o c a l  RF f i e l d  i s  enhanced a t  geometr ical  p ro t rus ions  
by a  f a c t o r  B o f  about 200, f o r  cleaned s u r f a c e s .  Af t e r  adsorpt ion ,  the  va- 
l u e s  of B c a l c u l a t e d  from FN p l o t s  may b e  a s  h igh  a s  500 - 600. This  apparent  
i nc rease  of f3 may be explained i n  terms o f  resonant  tunnel ing .  

F i n a l l y  the reduct ion  of f i e l d  emi t ted  e l e c t r o n s  c u r r e n t s ,  t h a t  was ob- 
served i n  microwave c a v i t i e s  by r i s i n g  the  frequency from S-band t o  X-band 
may be a l s o  expla ined  by a reduct ion  of t h e  apparent  B f a c t o r ,  due t o  the  f i -  
n i t e  t r a n s i t  time of t h e  e l e c t r o n s  through the  oxides and a reduced p o s i t i v e  
charging of t h e  s u r f a c e  [34) .  

Large a r e a  Nb e l e c t r o d e s  were a l s o  used i n  experiments c a r r i e d  o u t  a t  H e  
temperature a t  Orsay (351, i n  order  t o  study the influence on the f ie ld  emitted 
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e l e c t r o n  c u r r e n t  of the th ickness  of a  Nb205 c o a t i n g .  No ion  process ing  was 
made i n  the d .c .  experimental  diode,  bu t  a  measure of t h e  temperature inc rease  
of t he  cathode on the  o rde r  of a  few K ,  show t h a t  t h i s  e l ec t rode  i s  permanent- 
l y  bombarded by ions  c rea t ed  by the  e l e c t r o n s  h i t t i n g  the  anode and s t imula t -  
i ng  the  deso rp t ion  of gaseous s p e c i e s .  A f t e r  a  few hours ,  t he  I .V.  charac te-  
r i s t i c s  of t h e  diode a r e  s t a b l e  enough t o  o b t a i n  reproducib le  r e s u l t s .  

It was shown t h a i  a n  inc rease  of t he  Nb205 th ickness  from zero (Nb + na- 
t u r a l  oxide)  t o  1600 A decreases  the  c u r r e n t  by s e v e r a l  o r d e r s  of magnitude 
(F ig .  15).  A t  t h e  same time t h e  apparent  enhancement f a c t o r  remains n e a r l y  
cons tan t ,  between 150 and 200 f o r  oxide  th icknesses  ranging from 50 t o  400 A .  
For t h i c k e r  oxides ,  B decreases and reaches 6 0 -  90 f o r  a  l a y e r  th ickness  of  
1600 A .  

V I .  DISCUSSION 

A survey on e l e c t r o n  emission phenomena from oxid ized  metal su r faces  by 
H a l b r i t t e r  was, a t  t he  same time, an a t tempt  t o  e x p l a i n  the  g r e a t  number of 
obse rva t ions  m d e  i n  va r ious  l a b o r a t o r i e s ,  which o f t e n  were i n  c o n t r a d i c t i o n  
and not -  o r  mis in t e rp re t ed .  ( 3 5 1 .  

The b a s i s  f o r  a  s a t i s f y i n g  explanat ion  was found l a t e r  ( 3 2 )  i n  the  pre- 
sence o r  t h e  absence of e l e c t r i c  charges i n  t h e  o u t e r  atomic l a y e r s  of the  
oxides - o r  i n  s u p e r f i c i a l  adso rba te s .  These charges can be induced n a t u r a l l y  
be the  adso rp t ion  of atoms - a s  mentioned e a r l i e r  - but  a l s o  by e l e c t r o n  o r  
i o n  bombardment, and by e l e c t r o n  secondary emission under X-ray o r  e l e c t r o n  
bombardment. The s i g n  of t h i s  charges depends on t h e  chemical composition of 
t h e  adsorba tes  and on the  energy of t h e  bombarding p a r t i c l e s .  As an example, 
f o r  very low o r  h igh  e l e c t r o n s  ene rg ie s ,  the secondary e l e c t r o n  emission 
c o e f f i c i e n t  i s  l e s s  than un i ty  and the su r face  becomes negat ive ly  charged.  
On the con t ra ry ,  f o r  6 g r e a t e r  than  u n i t y ,  the  oxide su r face  becomes p o s i t i -  
ve ly  charged. 

The conduction of e l e c t r o n s  through the  Nb oxide l a y e r  r e s u l t s  from two 
phenomena: f i e l d  emission from the metal to  the  conduct ion band of  t he  oxide,  
which i s  f o r  Nb205 very c l o s e  t o  the Fermi l e v e l ,  and a l s o  hopping conduction 
through impur i t i e s  l e v e l s  l o c a t e d  i n  t h e  forb idden band, and from t h i s  l e v e l s  
t o  the conduct ion band. 

The e l e c t r i c  f i e l d  app l i ed  to  the  metal s u r f a c e  has two o r i g i n s :  t h e  ex- 
t e r n a l  f i e l d ,  sh i e lded  by the  h igh  d i e l e c t r i c  cons tan t  of t h e  Nb2O5 oxide 
(E - 30), and e s s e n t i a l l y  the s h o r t  range a c t i o n  of the charges e x i s t i n g  on 
the oxide s u r f a c e .  

For these  reason,  p o s i t i v e  charges d i s t r i b u t e d  on the  su r face  may be 
considered a s  "holes" i n  the p o t e n t i a l  b a r r i e r ,  when an  h igh  e x t e r n a l  f i e l d  
i s  appl ied  normal to  the su r face  (Fig.  16), and t h e  f i e l d  emission i s  drama- 
t i c a l l y  enhanced. This phenomenological model i s  equ iva len t  to  t h e  quantum 
mechanical resonant  tunnel ing  model. 

I f  now an  e l e c t r o n  bombardment i s  ab le  t o  c r e a t e  s u p e r f i c i a l  p o s i t i v e  
charges - a s  a n  example by i o n i z i n g  oxygen vacancies  which o r i g i n a l l y  con ta ins  
two e l e c t r o n s  - t h e  energy diagram i s  l o c a l l y  d i s to rded ,  and even without  an 
e x t e r n a l  f i e l d ,  e l e c t r o n s  a r e  emi t ted ,  l ead ing  t o  a  l o c a l  value of 6 which may 
a t t a i n  va lues  a s  h igh  a s  100 o r  1000 ; a s  a  consequence, t h e  mean value 
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of 6 over  the whole su r f ace  inc reases .  This phenomenon was i n  t he  p a s t  c a l l -  
ed "Malter e f f e c t " .  Only the  e l e c t r o n s  i n j e c t e d  from the  metal  i n t o  the  con- 
duc t ion  band of t h e  oxide a r e  a b l e  to  pass  over  the p o t e n t i a l  b a r r i e r .  

Conversely, nega t ive  charges on the su r f ace  l o c a l l y  reduce the  secondary 
emission.  It was t h e  c a s e  f o r  carbon o r  hydrocarbons adsorba tes ,  and gra- 
p h i t e  l a y e r s  depos i ted  on the  su r f ace .  

For t h i c k e r  and t h i c k e r  oxide l a y e r s ,  the d i s t ance  between the Fermi l e -  
v e l  and the  conduction band of t h e  oxide inc reases  r ap id ly ,  thus  reducing the  
tunnel  c u r r e n t  flowing from the  metal  to  the  conduction band and consequent ly,  
decreases  the  f i e l d  emi t ted  c u r r e n t .  

Another consequence of the presence of p o s i t i v e  charges i n  the oxide 
l a y e r  on Nb su r f ace  i s  t he  lowering of the apparent  work func t ion  of t h e  sur-  
f ace ,  and the  enhancement of the  apparent  f i e l d  f a c t o r  B ,  which inc reases  t he  
f i e l d  emission.  

As f a r  a s  secondary emission i s  concerned, evo lu t ion  of the  secondary 
emission c o e f f i c i e n t  under e l e c t r o n  bombardment towards lower va lues  may ex- 
p l a i n  the  observed p o s s i b i l i t y  t o  overcome mul t ipac tor  b a r r i e r s  of h igh  order ,  
t he  mu l t ipac t ing  discharge decreas ing  i n  i n t e n s i t y  wi th  time and f i n a l l y  d i e  
o u t .  

Experiments on the  lowering of 6 towards va lues  l e s s  than  un i ty  by depo- m 
s i t i o n  of t h i n  f i lms  have to be cont inued.  From the  Cornel l  w ~ r k , ~ o n e  might 
be tempted t o  t r y  t h i c k e r  coa t ing  of Rh, o r  perhaps Au, about 500 A t h i c k ,  i n  
order  t o  o b t a i n  a continuous l a y e r  and a complete coverage of the  underlaying 
Nb . It i s  conceivable  t h a t  t h e  RF l o s s e s  i n  such a t h i ck  normal metal coat-  
i ng  might be lessened  by the superconducting proximity e f f e c t .  

Our experiments wi th  carbon f i lms  a r e  encouraging, a s  carbon may lower 
6, t o  tim 1 ,  and cons iderably  decreases  the E l  - E 2  domain f o r  which 6 > 1 ,  

b e fo re  bombardment. The inf luence  of C under a g raph i t e  form i s  i n  agreement 
with the  sugges t ion  by H a l b r i t t e r  t o  cover  t he  su r f ace  wi th  hydrocarbons f i l m s .  
It w i l l  be now necessary to  measure t h e  su r f ace  r e s i s t a n c e  of carbon covered 
Nb su r f aces ,  and t o  a t tempt  t o  suppress  mul t ipac t ing  b a r r i e r s  i n  r e a l  c a v i t i e s  
by using t h i n  carbon coa t ings .  

The CERN work demonstrates the important  e f f e c t s  on 6 and on the E l  - E 2  
domain of ( i )  a thorough outgass ing  before  cool ing  the  s u r f a c e ,  ( i i )  a very 
low re s idua l  pressure  (=  10-l0 Torr)  and ( i i i )  i o n  c leaning  by a n  argon d i s -  
charge.  Such a ion  processing i s  wel l  known t o  decrease dramat ica l ly  t h e  
f i e l d  emission c u r r e n t s .  Adsorbed n i t rogen  i s  known t o  l e s s e n  f i e l d  emission,  
and could c e r t a i n i y  be used f o r  i o n  process ing .  From the experiments a t  I B M  
( 1 6 1 ,  n i t rogen  g ives  b e t t e r  r e s u l t s  f o r  c leaning  a Nb su r f ace .  A c a r e f u l  study 
of the  influence of i on  processing by a d ischarge  i n  n i t rogen  on secondary and 
f i e l d  emission would be necessary.  

F ina l ly ,  we may emphisize t h a t  a decrease  of t h e  maximum secondary emis- 
s i o n  y i e l d  t o  va lues  l e s s  than  un i ty  i s  no t  a necessary cond i t i on  to  avoid 
mul t ipac tor :  i t  would be s u f f i c i e n t  t o  o b t a i n  a y i e l d  l e s s  than  un i ty  f o r  
e l e c t r o n s  ene rg i e s  corresponding t o  the energy spectrum of the  e l e c t r o n s  ac- 
t i v e  i n  t h e  mul t ipac t ing  process .  For t h e s e  reason,  an  evo lu t ion  of 6 i n  
which the  i n i t i a l  l i n e a r  p a r t  of t he  curve g iv ing  6 (Ep) r o t a t e s  clockwise 
under e l e c t r o n  o r  i on  bombardment w i l l  be h ighly  favourable .  
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We sugges t  t o  c o a t  t h e  su r face  wi th  t h i n  l a y e r s  of  m a t e r i a l s  having 
t h e i r  curve  6 (E ) disp laced  t o  h ighe r  ene rg ie s  than  t h e  homogeneous m a t e r i a l s  

P 
used till now. It i s  well-known t h a t  metals  wi th  h igh  6 c o e f f i c i e n t s  have a t  
h ighe r  ene rg ie s  t h a t  meta ls  wi th  weaker va lues  of 6m. Su rp r i s ing ly ,  fol lowing 
t h i s  reasoning,  meta ls  w i th  a h igh  va lue  of 6,, l i k e  Au o r  P t ,  could be supe- 
r i o r  t o  o t h e r s ,  a s  f a r  a s  h igh  o r d e r  mul t ipac to r  i s  concerned. 

Another p o s s i b i l i t y  would b e  t o  study emission c o e f f i c i e n t s  of porous 
l a y e r s ,  t h a t  have emission p r o p e r t i e s  very  d i f f e r e n t  from those  of  homoge- 
neous l a y e r s .  
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Fig .  1 - I n t e n s i t y  of the  oxygen peak i n  Auger spectrum a s  a  func t ion  of  t h e  sample 
thermal h i s t o r y .  The d i f f e r e n t  d i f f r a c t i o n  p a t t e r n s  observed a t  corresponding re- 
gions a r e  i n d i c a t e d .  (a) uncleaned Nb, covered wi th  adsorbed oxygen; ( b )  f a c e t e d  
s t r u c t u r e  (Nb oxide)  ; ( c )  m n o l a y e r  (NbO) p a r a l l e l  t o  t he  s u b s t r a t e ;  (d )  c l e a n  Nb 
s u r f a c e .  (from I 4 1  and ( 1 3 ) )  

1 ION SCATTERING SPECTROMETER ANALYSIS 1 
ANODIZED NIOBIUM 

P + 2 o o A  NOMINAL THICKNESS 1 
Q 

TIGHT BEAM (Analysis After Sputtering) 
X BROAD BE.AM (Second Analysis at 56 ""'1. W S A TIGHT BEAM (Third Analysis at 56 min) 

Y 
a 

NEON SPUTTERING TIME (minutes) 

0 

F i g .  2  - Rat io  of h e i g h t s  of t h e  0 t o  Nb peaks i n  t h e  I S S  spectrum f o r  a 200 A 
anodized Nb s u r f a c e  p l o t t e d  a g a i n s t  s p u t t e r i n g  t ime.  (from (171) .  

Proceedings of SRF Workshop 1980, Karlsruhe, Germany SRF80-4



- B . E .  [ e ~ ]  

Fig.  3 - Typical WS spectrm from a Nb surface around 200 eV. The double peaks 
correspond respectively to Nb and Nb5+. Af ter  substracting the background, the 
dashed curves are obtained, which describe the lower oxides (from (191 ) .  

Nb-METAL NbO, ( X - l )  Nb2 OS- (X 4 0.0 2 ) 

Fig.  4 - Results of an WS study of Nb. Sketch of a wet oxidized Nb surface. 
(from (19)). 
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(a) 
NbO 

Nb- METAL 

(b) 

NbO + Nb02 

Nb-METAL 

Fig .  5 - Resu l t s  o f  a n  UPS s tudy  of Nb : schematic  r e p r e s e n t a t i o n  o f  t h e  d i f f e r e n t  
s t a g e s  f o r  Nb (from (201) .  
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(b) ELECTRON ENERGY tev) 

F i g .  6 - Var ia t ions  o f  Auger s p e c t r a  w i th  beam exposure t ime.  

(a )  Nb,O, powder ; beam v01 tage ,  2 keV ; beam c u r r e n t ,  15 fl. 
L J 

5 + (b)  ox id i zed  Nb f o i l .  f ,  , g , ,  i , : "oxide" peaks (Nb ) ; f 2, g2, i2 : "metal" peaks ( N b )  . 
The "metal" peak grows a t  t h e  expense of i t s  "oxide" c o u n t e r p a r t  (from (221) .  

Proceedings of SRF Workshop 1980, Karlsruhe, Germany SRF80-4



l ~ b - 2 0 0  h REMOVED INb-400 h REMOVED~N~-"EXPOSED TO, AIR" 1 

ELECTRON ENERGY (eV)  

0 Nb-200  h REMOVED 
a N b - 4 0 0 h  REMOVED 

Q6 'T o ~ b - " E X P O S E D  TO AIR" 

0.4 2b0 4b0 6&3 sbo lob0 izbo lab0 16bo lebo iobo 
PRIMARY BEAM ENERGY (eV)  

F i g .  7 - Secondary e m i s s i o n  (SE) and Auger s p e c t r a  f o r  c l e a n  Nb and Nb exposed 
t o  a i r  ( f rom 1271) .  
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F i g .  8 - SE from T i  and TiN. ( a )  c l e a n  T i  and ~i exposed t o  a i r .  
( b )  a s -p repared ,  c l e a n ,  and exposed t o  a i r  TiN ( f rom 1 2 7 ) ) .  
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F i g .  9 - SE from Nb.  ( a )  1 ,  unbaked; 2, baked; 3, b a k e d + e x p o s u r e  t o  a i r .  
( b )  1 ,  unbaked; 2,  baked + gas  d i s c h a r g e ;  3, baked + g .d .  + e x p .  t o  a i r ;  4 ,  3  + g.d.  
(from (291 ) .  

F ig .  10 - SE form a baked Nb s u r f a c e .  s, b e f o r e  c o o l i n g ,  A ,  a f t e r  c o o l i n g  t o  4 . 2  K . 
( f rom (291 ) .  
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(b, 
Fig .  l  l  - S E from Nb and Nb205 . In f luence  of t h e  e l e c t r o n  bombardment 
(Ep=lOOO eV; j p =  l0 p ~ l n r m ~ ) .  A, t = O ;  B ,  t - 5  min; C ,  t =  15 min. 
( a )  Nb ; (b)  Nb+400 A Nb205 (from 1231) 

p:5.10-l0 Torr 

I Ep(eV) , 
I 

0 
1 I 1 

600 1000 1600 0000 

Fig .  12 - Inf luence  of t h e  e l e c t r o n  bombardment on  S E from t h i n  T i  f i l m  on Nb, 
a f t e r  baking. I ,  t = O ;  2, t = I  hour;  3, t - 1 5  hours  (from 1311) 

ps3.1040 Torr 

Fig .  13 - S E from t h i n  C f i l m s ,  a f t e r  baking and bombardment dur ing  about l hour .  
(from (311). 
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Fig.  14 - Fowler-Nordheim plots  of d . c .  f i e l d  emission data. 
(a) adsorbed atoms present on the emitting point surface. 
(b) emission a f t e r  cleaning of the t i p  by reverse f i e l d  desorption. (from [331) 

Fig.  15 - F . N .  p lo t s  of  current emitted by plane Nb electrodes covered with various 
oxide layer thickness (from [ 35 l )  . 
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M E T A L  O X I D E  VACUUM 

Fig .  16 - Electrochemical  p o t e n t i a l  cp f o r  e l e c t r o n s  i n  an oxide 
coated (cr > l )  metal  s u b j e c t  t o  the e l e c t r i c  f i e l d  E .  The t o t a l  
emission c u r r e n t  depends on the  f i e l d  emission i n t o  the  oxide,  
t he  f i e l d  a s s i s t e d  - hopping conduction through the oxide,  and 
the  f i e l d  emission i n t o  vacuum, where the  e l e c t r o n s  tunnel  through 
the  i n d i c a t e d  p o t e n t i a l  b a r r i e r s  (from (341) .  
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