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Introduction 

Niobium thin film spu t t e r  coated superconducting r . f .  cavities , f i r s t  

developed a t  CERN in relation t o  the LEP accelerator C1,21, combining the 

superior superconductor surface properties with the  optimal copper thermal 

conductivity, exhibited competitive performances in respect t o  bulk cavities in 

different contex ts  C 3-5 1. 

The sput te r  coating technique opens the  possibility of using of a wide 

choice of alternative superconducting materials. To find possible "candidates" 

for this application, a f i rs t  selection can be made on  the  basis of the know- 

ledge of their d.c. superconducting properties , using the  BCS theory of 

superconductivity. This approach gives a satisfactory prediction o f '  the r.f. 

losses , i.e. of the surface impedance . However, the  presence of residual los- 

s e s ,  of different origin and often field dependent C 6 I ,  makes impossibile t o  

consistently predict the  low temperature r.f. performances of superconducting 

materials . 

Due t o  t he  inherent difficulties in realizing t e s t  measurements on large 

cavities of complex geometries , i t  is  essent ial ,  in view of  a development of 

the thin film coating technique in the direction of new materials , t o  have an 

efficient method t o  measure the  high frequency properties of superconducting 

films on  samples  of small  dimensions and in a more controlled enviroament . 
Using this  approach, in fact,  the  effect  of film properties ( th ickness  , morp- 

hology , impurities , grain boundaries) and of temperature,  frequency, and 

d.c. and r.f. field amplitude can be easily studied and possibly understood. 
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In this paper we present a useful method to measure the high frequency 

properties of superconducting films on small  sample$ and show t h e  da ta  

recently obtained by this method on  the temperature,frequency and power 

dependence of the surface impedance of (NbTi)N , a superconductor of high 

potential interest for  r.f. cavity applications. 

Experimental details 

The measurements of t he  surface impedance of the superconducting 

films under investigation have been performed by using a microstrip ring 

resonator designed in our  laboratory C 7,8 1 . 
The resonator consists of a superconducting thin film ,shaped by pho- 

tolithography in form of a narrow ring (width w=100 pm), deposited on a thin 

(thickness d =  130 p m )  sapphire subs t ra te  . The substrate  i s  placed on  top of 

a ground-plane made of the same superconductor ( o r  of a known supercon- 

duc tor )  and ac ts  a s  a low-loss dielectric layer. Two SO0 symmetric micro- 

strip launches a re  also deposited on  the  substrate  t o  excite and pick-up the 

microwave signal f rom the  resonator.  The device is enclosed in a gold-  pla- 

ted copper package and s tandard S O 0  coaxial cables are used t o  connect the 

resonator t o  an HP 8022C network analyzer ( 0-20GHz). 

The film can also b e  deposited on  a separate substrate  and placed on  

top  of the  dielectric layer ( "inverted" configuration ). 

The system temperature can be easily varied and controlled in the range 

1.4-300K and a uniform d.c. field ( (, lOmT can be  applied by means of 

a pair of Helmotz co i l s .  The measurements can be performed under vacuum 

t o  avoid unwanted effects  related t o  the changes of the liquid helium dielec- 

tric constant.  

Given the narrow ring dimension, only the  TM,>io modes can be excited 

in the resonator in the frequency range of interest and the resonance fre- 

quency i s  determined by the  ring diameter D and by the order of the reso- 

nant mode n through the relat ion:  

where X 1  and X2 are the magnetic field penetration depths of the film and of 

the ground plane,  ti and t2 the  respecrtive thicknesses, E , ~ ~  is  the effec- 

tive dielectric constant  of the device and c i s  the light velocity. 

Since ring diameters up t o  20mm can be  used and E~~~ M E= * 10 ,measu- 

rements can be  performed down t o  - t S  GHz , in the range of interest for  

r.f. accelerating cavity applications. In the  following we will report on mea- 

surements performed on lOmm diameter rings with a fundamental resonant 

frequency v 3 GHz . 
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The quality factor  Q L  = vn/Avn of the resonant circuit is  determined 

using the  power trasmission method. The "intrinsic" quality factor of the  

ring resonator Qi is related t o  QL by the relation : Qi = Q L  / ( 1 - R, ) 

with R, = 10-1L'20 , where IL is the insertion loss  measured in dB . The 

gaps between the  resonator and the launchess are  s e t  t o  lmm t o  achieve an  

"unloaded " situation, where R,,<< 1 ( IL> 20db ) s o  t h a t  Qi = Q L  . 

The intrinsic quality factor  of the  resonator can be  expressed a s  : 

where Qc  is determined by the conductive losses and Qo describes the para- 

sit ic losses  (dielectric losses,  radiation losses ,  etc. ) and i t  is essentially - 
temperature independent. 

If two identical superconductors are  used for  the  ring and the ground 

plane,  we have: 

where Rs is the surface resistance of the  superconductor and r depends only 

on  geometrical factors  and can be  easily calculated C9 1 .  

Since Qo is  hard t o  evaluate , to determine the surface resistance of 

the superconductor under t e s t  by the measured quality factor QL, one can 

use eq  - 3  only if the condition Q i  = Qc is satisfied, i.e. if Q << Qo . The 

dielectric losses of the sapphire a re  indeed very low ( Qdielectric 1/ t an8  

and tan8 5 a t  liquid helium temperature 1 .  Radiative losses can be mini- 

mized using a narrow ring width and the same condition also maximizes 

conductive losses. We extimated C 9 I tha t  fo r  w= lOOpm the condition Q c  << 

Qo should be indeed verified for  all  our  measurements. 

With this choice of the  resonator parameters we ge t  , from calculations 

~ 1 0 1 ,  r=0.910. The low F value implies low Q value but  of  

course our  goal is not  t o  have low loss resonators  bu t  a good method t o  

measure Rs. Moreover, is worth mentioning tha t ,  due t o  the resonator geo- 

metry, the Q is mainly determined by the surface resistance of the supercon- 

ducting film used fo r  the r ing.  
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Results and Discussion 

T o  t e s t  o u r  s y s t e m ,  w e  performed preliminary measurements of t h e  sur-  

face  impedance of Nb fi lms ( t 2 1.Spm) with a bulk Nb foil used a s  a 

ground plane C 73. The resu l t s  f o r  b o t h  t h e  resistive and reactive components  

of t h e  su r face  impedance showed a remarkable consistency with t h e  BCS 

theory over  t h e  ful l  t empera tu re  range,  with a moderate  s t r o n g  coupling ratio 

( 2Ao/KTc w 3.7 1, giving a convincing confirmation o f  t h e  method . The resi- 

dual  su r face  res is tance R lp f l  w a s  a b o u t  1/3 o f  t h e  BCS component a t  

4.2K in t h e  b e s t  f i lms.  This higher value in respec t  t o  t h e  resu l t s  obtained 

f o r  t h e  CERN Nb f i lm cavities ( "- 1/10 of t h e  BCS value a t  4 .2K) should be 

re la ted t o  t h e  inferior properties of t h e  f i r s t  Nb layers  a t  t h e  sapphire inter- 

face. 

A s  expected , t h e  quali ty factor  of the  resona tor  a t  4.2K showed a 

frequency dependence wi th  a v - I  behavior and  a negligible dependence o n  the  

r.f. field amplitude. 

The  f i r s t  innovative superconductor  t h a t  we investigated with the  tech- 

nique described above i s  a niobium-titanium nitride compound , nominally 

(Nb . 8Ti . 2)N.  Spu t te red  f i lms of th is  mater ia l ,  combining t h e  high Tc and ra- 

diation hardness  properties of NbN and 

Fig.1 Temperature  dependence of t h e  quality f a c t o r  fo r  the  (Nb,8?'i2)N ring 

resonator .  Q has  t o  be  multiplied by 2*io4 t o  be  compared with 500 MHz 

CERN t e s t  cavities. The continous line is t h e  BCS theoretical  expression. 

Proceedings of the Sixth Workshop on RF Superconductivity, CEBAF, Newport News, Virginia, USA

SRF93I41



t h e  good metallicity and excellent  mechanical proper t ies  o f  TIN, were  pre- 

viously identified and  discussed as potential  candidates  f o r  r.f.  cavities appli- 

cations El1 3 and a r e  presently t e s ted  a t  CERN in SOOMHz prototype accelera- 

t ing cavities f o r  e lect rons  I: 12 1. 

In Fig. 1 t h e  temperature  dependence of t h e  quali ty fac to r  fo r  one  of o u r  

NbTiN resonators  i s  reported.  The  ring was  obtained by di rect  photolithogra- 

phy of a 1.Spm thick (Nbe8Ti *N) f i l m ,  obtained by t r iode magnetron spu t te -  

ring on a dielectric sapphire subs t ra te ,  whereas  t h e  ground plane was  realized 

deposit ing t h e  f i lm o n  a Nb plate. I t  i s  important  t o  observe tha t ,  d u e  t o  t h e  

di f ferent  r and  vl va lues ,  to compare  o u r  Q with t h o s e  obtained at CERN 

with  t h e  SOOMHz t e s t  cavities , t h e  Q values have t o  b e  multiplied by a fac- 

t o r  w 2 *lo4.  

The theoretical  curve (cont inuous  line ) has  been obtained by t h e  ex- 

pression : 

Rs = R s ~ ~ ~  ( T )  + % ( 4  

where t h e  BCS contribution in t h e  local  d i r ty  l imit  has  been computed using 

appropriate analytical approximations of t h e  Mat t i s  -Bardeen integrals C 7 1 

and  a s t andard  best-fi t  program , t h e  measured low temperature  resistivity 

( gn= 9 0  p n c m  and  t h e  film thickness  a s  input  parameters  . For t h e  samples  

repor ted in t h e  figure we obtained as a resu l t  of t h e  f i t t ing procedure, 

Fig. 2 Frequency dependence of t h e  quali ty f a c t o r  f o r  (Nb.8Ti.2)N ring reso- 

nator,  obtained using t h e  f i r s t  th ree  resonan t  modes  of t h e  resonator.  
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Tc=13.1K, A o =  2.0 meV and F$, =6.0 p n  

I t  is impor tan t  to observe t h a t ,  in c o n t r a s t  with t h e  resu l t s  obtained by 

Oates  e t  a l .  with a similar method ( 2Ao/KbTc = 4.75 t 0.25) C131, o u r  va- 

lue  of 2Ao/KTc = 3.6 is  very c lose  t o  t h e  BCS weak-coupling prediction, in 

agreement  with the  resu l t s  obtained by tunneling methods  o n  NbN fi lms with 

Tc in t h e  s a m e  range C 14 I . For  t h e  sample  repor ted in t h e  figure, and f o r  

all o u r  b e s t  samples  t h e  values o f  Q (4.2K ) resu l t  t o  be  comparable t o  tho- 

s e  obtained with Nb. 

The  frequency dependence of t h e  quality f a c t o r  at T=4.2K, obtained ana- 

lysing t h e  second and third o rder  r ing r e s o n a n c e s ,  i s  repor ted in Fig.2 f o r  

t h e  same sample.  The behavior i corresponds t o  Q - v -.7 . Since f o r  

(NbTiIN t h e  quali ty fac to r  a t  4.2K is  mainly determined by t h e  residual sur-  

face resistance,  o u r  resu l t  implies Ro- v ' . ~  , in agreement  with those  models  

predicting a quadratic frequency dependence f o r  t h e  residual losses  C 6 1. 

In Fig.3 t h e  dependence of t h e  quality f a c t o r  a t  T= 4.2K on t h e  r.f. 

field amplitude is reported f o r  t h e  s a m e  sample.  A decrease  of Q by a fac to r  

two  is  observed f o r  a r.f. field ampl i tude Brf S m T (  a dependence of this 

order  of magnitude is a l so  found f o r  NbN ClSl 1 .  I t  i s  wor th  t o  observe t h a t  

an r.f. field amplitude of SmT would correspond t o  a n  accelerating field 

Fig. 3 Dependence of t h e  quality f a c t o r  f o r  (Nb.8Ti.2)N ring resonator  o n  

the  rf field amplitude.  Brf=SmT corresponds t o  Eacc- lMV/m in a SO0 MHz 

CERN t e s t  cavity. The continous line i s  a guide t o  t h e  eyes. 
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o f  a b o u t  1Mv/n1 in a SOOMHz C E R N  acce lera t ing  cavity,  a n d  t h a t  a decrease  

o f  a f a c t o r  t w o  in t h e  quali ty f a c t o r  f o r  cavit ies  c o a t e d  wi th  comparable  

qual i ty  ( NbTi ) N f i l m s ,  at t h e  s a m e  f i e l d ,  h a s  been  a l s o  observed  in ref .  C 12 1 .  

Final ly,  in Fig. 4 t h e  t e m p e r a t u r e  dependence  o f  t h e  frequency s h i f t  

Awl= vi(0) - vi(T), p ropor t iona l  t o  t h e  variat ion of  t h e  magnet ic  f ield penetra-  

t i o n  d e p t h  AX=X(T)- A(O), i s  r e p o r t e d  (equat ion  1) f o r  o n e  o f  o u r  ( Nb-,Ti ,) N 

fi lms.  Given t h e  high Q values ,  t h e  f requency s h i f t  can  b e  easily measured  

w i t h  l e s s  t h a n  lKHz accuracy,  cor responding  t o  a sensi t ivi ty less  t han  1% in 

pene t r a t ion  d e p t h  changes .The  theore t ica l  curve  i s  again obta ined  using t h e  

BCS theo ry  in t h e  loca l  d i r t y  l imit ,  where  as i n p u t  parameters  we  used  

Tc=13.1 K, Ao= 2 rneV a s  ob ta ined  f r o m  t h e  Rs(T) dependence .  
0 

T h e  f i t  y ie lds  t o  X o =  5300 A a n d  seff=8.3. 

T h o u g h  t h e  f i t t i ng  appea r s  to be fair ly g o o d ,  t h e r e  is a qu i t e  la rge  

d iscrepancy b e t w e e n  t h e  f i t t i n g  value o f  X ( 0  ) and t h e  value t h a t  can  b e  

Fig. 4 T e m p e r a t u r e  dependence  of  t h e  frequency s h i f t  A v l = v l ( 0 ) - v l ( T ) .  propor-  

t ional  t o  t h e  variat ion o f  t h e  magnet ic  f ield pene t r a t ion  d e p t h  A X = > . ( T ) - X ( 0 ) .  

T h e  c o n t i n o u s  line is t h e  BCS theore t ica l  exp res s ion .  
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0 

calculated directly through the BCS theory ( A  ( 0 )  = 2800 A ) This discrepancy, 

more relevant for  samples with higher values of Ro , can be uhderstood by 

a simple model tha t  can be shown t o  hold f o r  granular superconductors , 
explaining also the Q degradation with field amplitude observed for  the 

same samples. 

Indeed , all  these effects have been often observed fo r  high Tc ceramic 

superconductors and have been accounted for  by Hilton e t  al. C161 in terms 

of the occurrence of weak Josephson coupling a t  grain boundaries o r  twin- 

ning domains in the  material. More recently , Attanasio e t  a l .  C17 1 have 

extended the same model including the  dependence on  the  r.f. field amplitude 

and pointed ou t  tha t  , by this approach , t he  losses  in conventional super- 

conductors with a s t rong policrystalline nature ,as those belonging t o  the 

NbN family, can be  also described . The application of the model t o  ou r  

( NbTi)N films gives in fac t  consistent resul ts  C 7 1. 

In conclusion we developed a method t o  measure the surface impe- 

dance of superconducting films based on  a ring microstrip technique allowing 

measurements of the  surface resistance and of the  magnetic field penetration 

depth of the  material under test .  The achieved resolution is around 

I O - ' ~  for  Rs and be t te r  than l i  f o r  A varia tions. The method has been 

used t o  determine the surface resistance of NbTiN sput terd films a s  a func- 

tion of temperature ,frequency and amplitude of the  r.f. f ie ld ,  and the ma- 

gnetic field penetration depth. The behavior of the fi lms can be well descri- 

bed by a simple model of grain boundary losses. 

The overall resul ts  indicate t ha t  this technique can indeed furnish rapid 

and consistent informations on the r.f. characteristics of innovative materials 

in the perspective of improving the performances of future generation of 

superconducting accelerating cavities. 

Due t o  i t s  versatility and sensitivity, we are also 

presently using the same technique t o  investigate the r.f. properties of high 

Tc ceramic superconductors C 18 1. 
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