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Abstract  

Niobium Sput ter -coated Copper Cav i t ies  can represent  an 
elegant so lu t ion f o r  high performance resonators. 

Respect t o  bulk Niobium, the improved thermal  conduct iv i ty  of 
1 pm Niobium sputtered on OFHC Copper, together w i t h  an important  
r educ t i on  o f  m a t e r i a l  costs ,  make the  spu t te r i ng  so lu t i on  an 
a t t r ac t i ng  feature even f o r  heavy ions resonators. 

The Sputter ing of Niobium i n  a DC Biased Diode conf igurat ion 
has been inves t iga ted  f o r  Legnaro OFHC Copper QWRs. By such a 
method high pu r i t y  superconducting Niobium t h i n  f i l m s  have been 
deposited onto the in te rna l  sur face o f  resonator  w i t h  a un i fo rm 
thickness of 1 5 0.1 5 pm and a c r i t i c a l  temperature Tc > 9.2 K. 

The spu t te r ing  f e a s i b i l i t y  o f  h igh qua l i t y  superconducting 
Niobium th in  f i l m s  onto Copper QWR has been demonstrated. 

* On leave from Moscow Institute of Steel and Alloys, Moscow, USSR 
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Introduct ion 

Thanks t o  the resu l t s  obtained a t  CERN by Benvenuti e t  al .  [ 1-31, 
the sput ter ing o f  Niobium onto Copper resonators i s  now a w e l l -  
establ ished technology f o r  500  MHz and 350  MHz electron cav i t ies .  

The b e t t e r  rf  pe r fo rmances  r e s p e c t  t o  bu l k  N iob ium 
resonators, the improved thermal  s t a b i l i t y  of the Nb/Cu system and 
the experimental evidence tha t  residual losses are not  a f fec ted  by 
t he  e a r t h  magne t i c  f i e l d  t rapped dur ing  c o o l i n g  i n t o  t h e  
superconductor [4,5], together w i t h  a  considerable costs reduct ion 
due t o  the m a t e r i a l  saving are the advantages o f  the spu t te red  
Niobium solut ion f o r  electron cavi t ies.  

Some of these bene f i t s  are assumed t o  hold a lso a t  l ower  
frequencies. That makes the technology of Niobium sput ter ing very 
a t t r ac t i ve  even f o r  heavy ions cav i t ies .  

Unfor tunately the t r i c k y  shape of the several k inds o f  heavy 
ions cav i t ies  i s  o f ten  a  l i m i t a t i o n  t o  the development of sput tered 
resonators. 

For sput tered e lec t ron  cav i t i es  there are already about ten 
years o f  research [3].  Even superconducting m a t e r i a l s  having Tc 
h igher  than the one of Niobium, f o r  ins tance NbTiN 16-81, are 
invest igated a t  the moment. 

On the contrary the s ta tus  of a r t  f o r  heavy ions resonators i s  
not  so advanced: Lead i s  s t i l l  the favour i te superconductor whenever 
superconducting cav i t ies  are needed i n  a  ra ther  short  t ime  and cheap 
way. Even bulk Niobium i s  not  easy t o  apply t o  a l l  k inds of heavy ions 
resonators, and the spu t te r ing  technology only recen t l y  has been 
considered fo r  invest igat ion [g, 101. 

From th i s  point  of v iew the 160 MHz Quarter Wave Resonator 
(QWR) adopted i n  the ALP1 booster of LNL have a shape s imple  enough 
t o  be sputtered ( f i g .  1 ). 

Hence i n  1988 a research program on Niobium sput tered Copper 
QWR s ta r ted  and a laboratory f u l l y  dedicated t o  t h i s  topic has been 
created. The main philosophy [9,1 11  was tha t  the production f o r  the 
LlNAC s ta r ted  w i t h  Lead e lec t rop la ted OFHC Copper QWR adopting 
j us t  the same shape of  cav i ty  studied f o r  the sput ter ing of Niobium. 
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Fig.: l The 160 MHZ Q WR adopted f o r  AL PI .  

The inves t iga t ion  phases w i l l  t e rm ina te  and the spu t te r ing  
technology w i l l  be defined wel l -establ ished when i t  w i l l  ex is t  a  
good s t a t i s t i c s  on curves of the Q factor  versus the accelerating 
f ie ld .  Hence we w i l l  es tab l i sh  a p rec i se  " r e c i p e "  so tha t  the  
technology can be ready to be t ransmi t ted  also to i ndus t r i es  o r  to 
other  i ns t i t u t i ons .  A t  tha t  moment the ALP1 Lead cav i t i es  can be 
st r ipped and, four  by  four ,  they can be coated w i t h  Niobium. 

The  S p u t t e r i n g  C o n f i g u r a t i o n  

The goal of the pro ject  consists i n  the production of few QWR 

prototypes sputter-coated by an high pur i ty  superconducting Niobium 
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f i l m  having Tc not  less than 9.25 K, the Nb bulk Tc. Good th ickness 
un i f o rm i t y  of the Niobium coating i s  also requested: the f i l m  indeed 
mus t  be th icker  than about 0 .5  p m  t o  avoid any penet ra t ion of r f  
f i e l ds  i n to  the substrate, but  th inner than about 4+5 p m  t o  avoid 
t ha t  peel ing of the coat ing f r o m  the subst ra te  ar ises due t o  the 
d i f f e ren t  thermal  expansion coe f f i c ien ts  o f  Copper and Niobium. A 
thermal  excursion o f  about 700  K occurs indeed since the cav i t y  i s  
cooled i n  the sput ter ing chamber f r om about 400°C ( the  subst ra te  
temperature during deposit ion) t o  room temperature and f rom th i s  t o  
the l i q u i d  Hel ium temperature.  Although the th ickness range i s  
ra the r  wide, a  th ickness of 1 p m  i s  usual ly  deposited s ince the 
th inner i s  the f i l m  the higher i s  the thermal  s t a b i l i t y  o f  the Nb/Cu 
system. 

In order t o  bu i ld  a  cathodic s t ruc tu re  tha t  would be the mos t  
s imple  and would provide high thickness un i f o rm i t y ,  the technique 
of  DC Biased Diode s p u t t e r i n g  (cathodic  spu t te r i ng )  has been 
p r e f e r r e d  t o  t he  one o f  magnet ron  s p u t t e r i n g .  A magne t i c  
confinement o f  the discharge indeed has the advantage of  h igh ra te  
sput ter ing,  but  many d i f f i c u l t i e s  a r i se  whenever h igh th ickness 
u n i f o r m i t y  on large subst ra te  areas i s  requested. On the cont rary  
such problem can be solved by cathodic sput ter ing since s u f f i c i e n t  
th ickness un i f o rm i t y  i s  insured, provided tha t  the cathode f o l l o w s  
ra ther  f a i t h f u l l y  the shape of the cav i t y  i .e.  the distance between 
target  and substrate i s  approximately the same i n  any region of the 
cav i ty .  

The f i na l  cathode conf igurat ion i s  represented i n  f i g .  2. In i t s  
extreme s imp l i c i t y ,  i t  presents f ew  pecu l ia r i t i es  [ 121 tha t  make i t  
preferable among a l l  the others considered. The target  i s  indeed j us t  
a  Niobium cy l inder  deposit ing s imul taneously onto the inner stub, 
the external conductor and the top plate.  

I f  the cathode radius RC i s  approximately equal t o  
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where R ,  and R, are respect ively the radius o f  the inner sha f t  and 

that  of the external cylinder, one gets approximately equal thickness 
on the t w o  cyl inders. 

cavity 
prolongation 

Fig .  2 The Biased DC Diode Sputter ing configurat ion. 
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That i s  not  t o t a l l y  obvious since wh i l e  a lmost  a l l  the mater ia l  
leav ing the ex te rna l  sur face of the t a rge t  reaches the  copper 
substrate,  not  a l l  the Niobium leaving the in terna l  sur face o f  the 
ta rge t  i s  co l lec ted by the copper sha f t :  some ma te r i a l  f a l l s  again 
back t o  the target  and f rom there i t  i s  resput tered again ( f i g .  3 ) .  

Really the problem i s  more compl icated since a cer ta in  f r ac t i on  of 
the Niobium atoms i s  back-sputtered t o  the target .  Moreover the 
s p u t t e r i n g  f r o m  the  i n t e r n a l  and ex te rna l  cathode su r faces  
correspond to  d i f fe ren t  discharge regimes. 

The thickness d i s t r i bu t i on  has been obtained plugging several 
samples o f  Corning glass or  Copper ins ide a dummy resonator. The 
thickness of samples was a f t e r  measured by a surfometer.  

Niob 
cath 

I 

ode i 

Fig. 3 Cross sec t ion  o f  the c a v i t y  and o f  the Niobium cathode. 

The r i g h t  rad ius o f  the t a rge t  has been found studying the 
d i f ference i n  thickness between the coatings on the in terna l  and on 
the external  cy l inders  versus the target  d iameter.  Th is  curve has 
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been obtained t ry ing ,  run  by run, several  cathodes o f  d i f f e r e n t  
d iameter.  Such cathodes were made of  s ta in less steel,  indeed i t  i s  
enough to  scale the obtained resu l t s  by the Niobium sput ter ing y ie ld.  
The f i na l  cathode was done by electron beam welding a 2 mm ro l led  
Niobium slab. RRR of the slab was 250. 

The deposit ion on the top p la te  i s  s imply provided by the sharp 
edge on the top  o f  the t a rge t ,  Indeed the  t remendous ly  h igh  
concentrat ion of e l ec t r i c  f i e l d  l ines a t  t h i s  edge resu l t s  i n  a much 
higher sput ter ing ra te .  Once having f i xed  the radius o f  the Niobium 
target ,  we sput tered d i f fe ren t  runs vary ing the distance d between 
the  edge of  the  t a rge t  and the  top p la te .  The bes t  th ickness  
un i f o rm i t y  f o r  the top plate i s  obtained f o r  

Fol lowing such a methodic a uni form thickness of 1 2 0.1 5 y m  
a l l  over the cav i ty  has been achieved by a single step deposit ion. 

I t  mus t  be remarked tha t  the target  i s  not  cooled. This impl ies  
a considerable s imp l i f i ca t i on  f rom the technological po in t  o f  v iew.  
In f ac t  the target  cooling can be useful but  i s  not compulsory. 

One in terest ing sput ter ing conf igurat ion of the several tes ted 
i s  shown i n  f i g .  4. The idea o f  having separated cathodes f o r  the 
d i f f e r e n t  regions t o  coat i s  t o  "decouple" the d i f f e ren t  discharge 
regimes,  s p l i t t i n g  so a complex and man i fo l d  problem i n  some 
elementary and more easy. Moreover i t  i s  possib le t o  work  w i t h  
lower  currents, that  means a be t te r  s tab i l i t y  of the discharge. 

Therefore the three cathodes var ian t  has been invest igated 
d r i v ing  them both s imul taneously and subsequently, both  w i t h  and 
w i t hou t  ground. The var iant  of only t w o  cathodes w i thou t  hat  on top 
and w i t h o u t  ground has been also studied,  bo th  i n  the case of  
electrodes driven separately and driven a t  the same potent ia l .  

As a resu l t  of the whole analysis we have found tha t  the single 
target  conf igurat ion i s  among a l l  the least  complicated and the most  
funct ional .  Moreover a target  s t ruc ture  the less th ick  as possible i s  
needed i n  order t o  get sput ter ing i n  the holes o f  beam po r t s  and i n  
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the hole of the donut. Indeed there i s  a  r i s k  t h a t  the plasma can be 
suppressed whe reve r  t he  t a r g e t - s u b s t r a t e  d i s tance  becomes 
comparable t o  the Crookes dark space ( f i g .  3) .  

Fig. 4 Top deta i l  of the three cathodes variant. 

In order t o  get a  high qual i ty  Niobium f i l m  inside the holes o f  
beam po r t s  many d i f f e ren t  cathodic conf igurat ions have been t r i e d  
[12]. Except the hole, no par t i cu la r  problem ex i s t s  t o  coat the beam 
p o r t  reg ion  s ince i t  gets  spu t te red  w i t h  reasonable u n i f o r m i t y  
during the normal deposit ion. 

The coat ing of the beam po r t  hole i s  a  separate problem. We 
desired t o  get  the coat ing ins ide the hole w h i l e  spu t te r i ng  the 
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cav i t y .  A s ing le  step deposit ion indeed i s  preferable t o  mu l t i - s tep  
deposit ions since the in ter faces among Niobium layers deposited i n  
d i f f e r e n t  runs are a lways  "d i r t y " .  Moreover In  some regions i t  i s  
unavoidable the presence of  Niobium sput tered a t  l o w  ra te ,  t h a t  
usual ly has not  good superconducting character is t ics .  

Many var iants  have been explored and among them t w o  ,seem t o  
be the mos t  meaningful.  

The former  requires a  Niobium rod  a t  the same potent ia l  as the 
Niobium target  lay ing along the beam ax is  and crossing orthogonal l y  
the ta rge t  ( f i g .  5b). Th is  geometry w i l l  provide sput ter ing along the 
whole beam por t .  

The l a t t e r  var iant  does not  foresee any supplementary target .  
The plasma indeed i s  ex t rac ted i n to  the beam p o r t  hole by a  s imple  
Niobium w i r e  (o r  even a w i r e  ending w i t h  a  sma l l  gr id)  inser ted in to  
the hole para l le l ly  t o  the beam axis ( f i g .  5c)  and pos i t i ve ly  polar ized 
respec t  t o  the ground. On the bas is  o f  our i n v e s t i g a t i o n  bo th  
so lu t ions are ext remely  in te res t ing  and each one of  them presents 
advantages and drawbacks. This l a t t e r  one indeed i s  very s imple  t o  
cons t ruc t  and t o  wo rk  w i t h ;  moreover no f u r t h e r  mod i f y  mus t  be 
added t o  the target,  but  it needs an addit ional power  supply. The f i l m  
i n  the l a s t  case has good superconducting proper t ies  f o r  about one 
diameter along the hole. 

According t o  the  r e s u l t s  of reference 13 a f t e r  one d iameter  
the  q u a l i t y  o f  the  coa t i ng  becomes no s i g n i f i c a n t .  F u r t h e r  
i nves t i ga t i on  i s  needed t o  es tab l i sh  wh i ch  so lu t i on  i s  the mos t  
convenient.  No pa r t i cu la r  problem subs is ts  f o r  the deposi t ion i n t o  
the donut hole, since the distance f rom target  t o  donut i s  la rger  than 
the one f r o m  t a r g e t  t o  beam p o r t  ( f i g .  4) and s ince t he re  i s  
sput ter ing f r om both sides. 

DC biased diode sput ter ing i n  planar conf igurat ion i s  used f o r  
coating the cav i t y  bot tom p la te  w i t h  Niobium. Values o f  RRR around 
12 and T, be tween 9.25 K and 9.45K are found i n  such a case. 

Obviously the th ickness un i fo rmi ty  i s  higher than i n  the cy l ind r i ca l  
conf igurat ion.  
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Niobium 
cathode /- Plasma 

Fig. 5 

Beam 
por t  

J- Plasma 

Niobiun 
rod 

The sput ter ing in the beam port  region: 
a )  due t o  the sho r t  d is tance between cathode and 
beam port ,  a hole in the plasma appears i f  no precaution 
i s  taken. 
b )  An addi t ional  cathode ( j u s t  a Niobium rod)  and the 
r i g h t  a d j u s t i n g  o f  the Argon pressure suppress the  
plasma hole. 
C )  A g r i d  pos i t ive ly  biased in f ron t  o f  the cathode, but 
inside beam port ,  a lso promotes plasma there. 

The Niobium spu t te r i ng  

High p u r i t y  superconducting Niobium t h i n  f i l m s  a l l  over the 
cav i ty  surface have been deposited during a single step process w i t h  
a thickness o f  1 + 0.15 p m  obtained i n  a run of approximately ha l f  
an hour. 

The s p u t t e r i n g  discharge i s  per fo rmed a t  the  f o l l o w i n g  
parameters: 

Niobium 
w i re  
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l n i  t i a1 Pressure 
Argon pressure 
Discharge Voltage 
Discharge Current 
Bias v01 tage 
Bias Current 
Substrate temperature 
Grid potent ia l  ( i f  used) 
Grid current 

10-'+ 1 o - ~  mbar 

5  x 1 0 - ~ +  2 x 10 - l  mbar 
-1.4+ -2 KV 
3 + 5 A  
- 8 0 + - 1 3 0  V 
l + 1 . 5 A  
300  K + 700  K 
+ 5  + +25 V 
0+ 2 A 

Samples show Residual Res is t i v i t y  Ratio (RRR) values between 
8 and 18 and c r i t i c a l  t empera tu res  Tc 2 9.2 K ( f i g .  6 ) .  

D i f f r a c t o m e t r i c  s tud ies  have been pe r fo rmed  showing  h igh l y  
or iented f i l m s .  Scanning microscopy reveals an average gra in  s ize 
around 500 A. RBS analyses, w i t h i n  the l i m i t s  of i t s  sens i t iv i ty ,  has 
revealed no impur i t y  inside the Niobium f i l m .  

The spu t te r ing  parameters l i s t e d  j u s t  above are c r i t i c a l  f o r  
the good superconduct ing p rope r t i es  o f  the coa t ing  and some 
parameters  are even more impo r tan t  than the o thers  ( t he  f i l m  
microst ructure,  f o r  example, st rongly depends on the bias voltage). 
However i t  i s  remarkable tha t  t w o  d i f f e ren t  deposit ions, executed 
w i t h  the  same spu t te r i ng  parameters ,  g ive exac t l y  the same 
d i s t r i b u t i o n  o f  RRR and Tc, showing the h igh r e l i a b i l i t y  o f  the 
process. 

Another impor tan t  i n fo rma t i on  given by samples, averaging 
over about f i f t e e n  deposit ions, i s  t ha t  the highest  qua l i t y  o f  the 
deposit  i s  regu lar ly  found on the top par t  o f  the cav i ty ,  t h a t  i s  a  
c r i t i c a l  place since the maximum of  radiofrequency cur ren ts  are 
loca ted  there.  I n  f a c t  any i m p u r i t y  f l o a t i n g  i n  the  spu t te r i ng  
chamber w i l l  not  reach such deep region since it w i l l  be get tered by 
the f i l m  growing on the w a l l  i n  p rox im i ty  of the opened basis of the 
cav i t y .  To avoid contaminat ion there too, we plug the cav i t y  t o  be 
sput tered on a  s ta in less s tee l  tube of  the same diameter.  In  such a 
way any k ind of impur i t y  enter ing the cav i t y  w i l l  be stopped by the 
f i l m  deposited onto such a "resonator prolongation". 
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Fig. 6 D i s t r i b u t i o n  o f  TC and RRR versus the  sample p o s i t i o n .  
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No d i f ference i n  sput ter ing regimes has been observed when 
spu t te r ing  onto the dummy cav i t y  o r  onto the rea l  Copper cav i ty .  
Before the  deposi t ion the Copper subst ra te  i s  tumbled, a f t e r  i s  
chemical l y  etched according t o  the standard CERN recipe [ 1 41, r insed 
w i t h  u l t rapure deionized water,  dr ied w i t h  e thy l i c  alcohol and baked 
under u l t rah igh vacuum a t  400°C. 

The f i r s t  OFHC Copper QWR prototype has been Niobium coated 
and performed f o r  the rf measurement. For the f i r s t  pro to type we  
prefer red t o  d ia l  i n i t i a l l y  w i t h  a  model exact ly  equal t o  the rea l  
cavi ty ,  but  w i t h  the only d i f ference that  beam por ts  were absent. 

When mounted i n to  the cryosta t ,  because of  a  f a i l u re  o f  the 
temperature con t ro l le r ,  the cav i t y  was  heated up t o  more than 
200  "C and a leak appeared on an lndium seal ing:  the Niobium 
coat ing remained exposed to  the atmospheric pressure f o r  several 
hours. 

Notwi thstanding this, the cav i ty  was s t i l l  superconducting but  
not high values o f  Q- factor  and accelerat ing f i e l d  were obtained. 
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Conclusions 

From such a s t a t u s  o f  a r t  w e  can deduce one general 
consideration: the sput ter ing technology can be applied t o  QWR The 
" d i f f i c u l t "  shape of  such a resonator i s  not  a t  a l l  an obstacle t o  the 
f e a s i b i l i t y  o f  sput tered Nb QWR. Samples show t h a t  h igh qua l i t y  
superconducting f i l m s  are obtainable a l l  over the surface. 

Our current  program consists i n  coating, s t r ipp ing and coating 

again a ce r ta i n  number o f  resonators t o  see, apart  o f  accidental  
problems, how r f  per formances are r e l a t e d  t o  the spu t te r i ng  
parameters. 
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