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Abstract 

We have  fabr icated  high  qual i ty   superconduct ing 
NbNxC t h i n  films us ing  a low-energy  dual ion-beam 
f a b r i g a t i o n  method. I n  t h i s  method, one i on  beam 
s p u t t e r s  Nb t o  the s u b s t r a t e  while the second beam 
bombards the  growing film wi th  low energy (-100 eV) 
N 2 t C H 4  ions .  The use   o f  methane a s  a source  of  carbon 
is e s s e n t i a l   f o r  t h i s  method. NbN Cy t h i n  films 
f a b r i c a t e d   i n  t h i s  way have Tc up t o  13 . X ,  r e s i s t i v i t y  
-80-120 pQcm, r e s i d u a l   r e s i s t a n c e   r a t i o  -1.0 and 
calculated  magnet ic   penetrat ion  depths  <285 nm. These 
films are deposited  on S i  wafers which are not 
i n t e n t i o n a l l y  heated or cooled.   Electronic   tunnel ing 
s t u d i e s   i n d i c a t e  t ha t  these films are  s t rong  coupled 
superconductors  (2A/kTc 14.0) with superconducting 

a l loy   j unc t ions   have   p rope r t i e s   su f t ab le  for SIS mixer 
energy  gaps up t o  2.43 meV. NbNxC /nat ive  oxide/Pb-  

appl ica t ions .  

In t roduct ion  

S i n c e   t h e   e a r l y  1980s it has been  c lear  that  NbN 
is an   exce l len t   candida te  for superconducting 
microe lec t ronic   app1ica t ions . l  NbN is a r e f r a c t o r y ,  
chemica l ly   i ne r t  material with high Tc (up t o  17K). 
NbN-NbN SIS junct ions  can  be  operated  in  a commercial 
cryo-cooler (at -1OK) and  can  withstand  thermal 
cyc l ing .  SIS junc t ions  made wi th  NbN and a s o f t  
coun te r   e l ec t rode  are being  s tudied for use as high Tc 
SQUIDS and i n  Josephson LSI circui ts . '   Furthermore.  
NbNx t h i n  films can be f a b r i c a t e d  on  low temperature 
s u b s t r a t e s  (< lo0  Q C )  i n  a s tandard vacuum system 
(background  pressure -10-7 Torr)  . 3* 4 p  

making  compounds was i n i t i a t e d  by  Weissmantel.6 
followed  by  Harper et a1.I We have  adopted it for the  
first time t o  fabricate superconductors .   In   the  dual  
ion-beam method, o n e   i o n   s o u r c e   s p u t t e r s  Nb atoms  from 
a Nb t a r g e t   t o  the s u b s t r a t e  while the  second  ion 
source  provides  N +CH4 i o n s   t o  t h e  growing f i l m .  
Depending on the geam vol tage  of t h e  second  ion  source,  
t h i s  method may be   gen t l e r   t han  higher pressure  (-lom2 
Torr) s p u t t e r i n g  methods. The low spu t t e r ing   p re s su re  
of t h e  d u a l  ion-beam  method al lows the  ion beam t o   b e  
d i r e c t i o n a l  and t h e  f l u x   t o  be e a s i l y   a d j u s t e d .  
Moreover. t h e  bombardment o f  t h e  growing  f i lms with 
low-energy   ions   p rovides   energy   suf f ic ien t   to   op t imize  
f i l m  q u a l i t y  (e.g.. Tc. stress) without  degrading 
unde r ly ing   s t ruc tu res .  

We began i n  1984 the  work of f a b r i c a t i n g  
superconducting NbN (&phase NbN, BX c r y s t a l  
s t r u c t u r e )   u s i n g  a &a1 ion-beam s p u t t e r i n g  method.8 
Our work was directed  towards  microelectronic  
a p p l i c a t i o n s ,   p r i m a r i l y  SIS quantum  mixers.  Since 
then,  w e  have fabricated e x c e l l e n t   q u a l i t y  NbNxCy films 
with moderately high T ( -  3.2K) on near-room- 
temperature  Si substrates. '   Methane is e s s e n t i a l   f o r  
producing t h e  h ighes t  Tc films. Our NbNxC films have 
been tested i n   l a r g e  area SIS t u n n e l   j u n c d o n s  with 
PbBi a l loy   coun te r   e l ec t rodes .   These  NbNxCy/native 
oxide/Pb,Bil-, ( z = 1   o r  0.95) junc t ions  are reasonably 
rugged,  and are r e a d i l y  made. We b e l i e v e  they have 
good p o t e n t i a l   f o r   u s e  as SIS mixers. Work i n  t h i s  
area is  c u r r e n t l y  underway i n  t h i s  lab.'' 

The use   o f  a dua l  ion-beam s p u t t e r i n g  method f o r  

I n   t h i s   p a p e r ,  we r e p o r t   t h e   u s e  of d u a l  ion-beam 
d e p o s i t i o n   t o  fabricate NbN Cy t h i n  films. We r e p o r t  
t h e   p r o p e r t i e s  of t h e  high ;PC (-13.X) films, and g i v e  
p r e l i m i n a r y   r e s u l t s  on a l l - r e f r a c t o r y  NbN-FN and  Nbl- 
Nb junc t ions  . 

Dual Ion-Beam DeDosition 

The first i o n   s o u r c e l l  is mounted on t h e  t o p   p l a t e   o f  a 
Pyrex vacuum chamber and faces a F l t i p l e  target 
holder .  This ion   source   uses  Xe i o n s   t o   s p u t t e r  Nb 
atoms t o   t h e   s u b s t r a t e .  Us$ng t h i s  s i n g l e   i o n  beam 
alone,   h igh  qual i ty   superconduct ing Nb t h i n  filqs' 
(-9.IK)l2 and a r t i f i c i a l   t u n n e l   b a r r i e r s 1 3   h a v e   b e e n  
produced. The second  ion  source14r15 is mounted onto 
the bot tom  p la te  and d ischarges  NZ, CH4 and/or  hr i o n s  
t o  the s u b s t r a t e .  When the two ion   sources  are 
operated  simultaneously,  smooth  and  shiny NbNxCy t h i n  
films are formed  on  near-room-temperature Si 
subs t r a t e s .   These   subs t r a t e s  are scribed from air- 
oxidized S i  wafers of either (100) or (111) 
o r i e n t a t i o n .  The temperature  o f  t h e  subs t r a t e   ho lde r  
is <60 O C ,  

Our spu t t e r lng   conf igu ra t ion  is shown i n  Fig. 1. 

I 

I 1 st Ion-Beam 
Source 

Target 

Fig. 1. Schematic  diagram  of  dual ion-beam s p u t t e r i n g  
system. 

The beam energy  and  f lux  of the first ion   source  
are f ixed at  1500 eV and 34 @, r e s p e c t i v e l y .  The beam 
energy and f l u x  o f  the second  ion  source are v a r i e d   f o r  
optimum film qua l i ty .   F ig . '  2 d i s p l a y s  the s p u t t e r i n g  
condi t ions   ind   cor responding   superconduct ing   t rans i t ion  
temperatures, T , of a set of NbNxC films.. When t h e  
s u b s t r a t e  is not  heated, t h e  higeesf Tc (-13.X) is 
obtgined  using low energy ions from the second  sourcet 
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Tc as a func t ion  of beam voltage o f   t h e  2nd source 
e x h i b i t s  a maximum around 50-100 V .  For  high  energy 
(1000-1500 eV) f a b r i c a t i o n ,   t h e   a d d i t i o n  of CH4 does 
not  improve T s ign i f i can t ly ,   bu t   improves   t he  
o p e r a t i o n a l   s t a b i l i t y   o f   t h e  2nd source.   For  low 
ene rgy   f ab r i ca t ion ,  on t h e   o t h e r  hand, T, improves  with 
an i n c r e a s i n g   f r a c t i o n   o f  CH4 i n   t h e   d i s c h a r g e   u n t i l  a 
CH4/N r a t i o   o f  -1. 

f l u x )  for  t h e  2nd ion   source  of 6.3 mA for  low-energy 
(100 eV) ope ra t ion ,  and 3 mA for  high-energy  (1500 eV) 
ope ra t ion  The s p u t t e r i n g   p r e s s u r e   f o r   t h e  2nd source 
#s - l ~ l O - ~  Torr. The NbN C formation rate 4s 1.2-1.7 
Ais whi l e   t he  Nb depos i t i on  rate, is  2.0-2.3 Ais. X Y  

Heatitig t h e   s u b s t r a t e  t o  200 O C  i n c r e a s e s  Tc by 1 O C  

(see t h e  s tars  i g  Fig.   2) .  The film th icknesses  are 
1000 A and  3000 A ,  r espec t ive ly ,   for   the   low-energy  and 
high-energy  fabr icat ion.  It is clear t h a t  low-energy 
d u a l  ion-beam fabricat ion  produces films with  higher  T, 
than  the  high-energy  method. 

&ximum Tc is achieved  with a beam c u r r e n t   ( i o n  

c 
Y 

2 

5- 
0 20  40 60 80 100 

% CH4 in (N2+CH4) MIXTURE 

Fig. 2, T as a func t ion  of molecular W CH4 i n  
(N2+CH4)mfxture for d i f f e r e n t  beam v o l t a g e s   o f   t h e  
secohd  ion  source. (+) fabr ica t ion   wi th   1500 eV N2 or 
N2+CH ions:  ( A )  f ab r i ca t ion   w i th  200 eV N +CH ions: 
( e )  fabr ica t ion   wi th   100  eV (or 50 eV) N2+8H4 jons: 
( m )  fabr ica t ion   wi th   20  eV NZ+CH4 ions: (+) f ab r i ca t ion   w i th  first i o n   s o u r c e   a l o n e   i n  a N2 or 
N +CH p a r t i a l   p r e s s u r e   o f  -lX10-4 Torr: (*) T o f  
fkms fab r i ca t ed   w i th  200 O C  substrate   temperaeure.  
With a single i o n  beam and an N 2  atmosphere or N 2  i n  
t he   d i scha rge ,  T values  up t o  11-12K are ob ta ined   fo r  
N 2  or N2+CH4 p a r t i a l   p r e s s u r e  Torr. However, 
i n  a l l  cases o f  single ion-beam depos i t i on ,   mu l t ip l e  or 
broad   t r ans i t i ons  are obtained.  

4 

Some o f   t he   a t t empt s  a t  single ion beam 
f a b r i c a t i o n  (2nd beam of f )  of NbN C y  are also shown i n  
Fig.  2. Those films were produce8  while   sput ter ing  hb 
i n  an  atmosphere of N 2  or a N +CH mixture.  The to ta l  
N2 O r  N2+CH4 , p re s su re  is -lXl8-' gorr- Although T, can 
be  improved somewhat by   i nc reas ing   t he  N 2  pressure,  i t  
is always well below tha t   ob ta ined   u s ing   t he  2nd ion  
source.  Furthermore, films produced  with a single ion  
source show mul t ip l e  or broad   t r ans i t i ons ,  and t h e  
films are h i g h l y   s t r e s s e d   ( f l a k y  or non-smooth) and of 
Poor q u a l i t y .  Even though  the  visual   appearance  of  
t hese  films can:be  improved  by  pre-sputtering  the s i  
s u b s t r a t e   w i t h  N2+, by   addi t ion  of CH4 during 
s p u t t e r i n g ,  or b y   e l e v a t i n g   t h e   s u b s t r a t e   t e m p e r a t u r e  
s l i g h t l y ,   t h e   p r e s e n c e  of the  broad,   mult iple  
t r ans i t i ons   r ema ins .   S imi l a r  T, and f i l m  q u a l i t y  are 
obta ined   by   sput te r ing  Nb with Xe+N2 ions.  

F i h  ProDert ies  

We have  used  the  following  methods t o  s tudy   t he  
p r o p e r t i e s  of our NbNxCy films: van  der  Pauw four- 
probe method for  T, and r e s i s t i v i t y   ( p ) :   t r a n s m i s s i o n  
electron  microscopy (TEM) for g r a i n   s i z e ,  
c rys t a l log raph ic   o r i en ta t ion  and la t t ice  cons tan t  (a,); 
Auger d e p t h   p r o f i l e  and x-ray  photoelectron 
spectroscopy (XPS) for   composi t iona l   ana lys i s :   e lec t ron  
tunnel ing   wi th  Pb or PbBi a l l o y   c o u n t e r   e l e c t r o d e s  on 
n a t i v e   o x i d e   b a r r i e r s  t o  s tudy   the   superconduct ing  
p r o p e r t i e s .  

dua l  ion-beam method (Tc-13.2K) show exce l l en t  
electrical  p r o p e r t i e s  (see Table I) .  Typical  
r e s i s t i v i t y  is <120 pocm w i t h   r e s i d u a l   r e s i s t a n c e   r a t i o  
( R R R  = p(30oK)lp(2oK)) -1.0. Previously,   such low 
r e s i s t i v i t i e s  (-80 pocm) have  not  been  achieved  without 
s u b s t a n t i a l   h e a t i n g  of t h e   ~ u b s t r a t e . l ~ * ~ ~  The RRR 
va lue   o f  1.0 i n d i c a t e s  weak metallic b e h a v i o r ;   t h i s  
a l so   has   no t   been   ach ieved   in  most s t u d i e s .  Using an 
approximation  derived f o r  dir ty   superconductora18 and a 
2A/kTc value  of   3 .9 ,   the   calcul   ted  magnet ic  
pene t ra t ion   depth  X ( = p(T,)-la2) f o r   t h e s e  films 
(<285 nm) is approach ing   t he   i n t r in s i c   va lue  of 200 
nm, l7 even  wi thout   in ten t iona l   subs t ra te   hea t ing .  

d i f f r a c t i o n   p a t t e r n o o f  a t y p i c a l  film. The NbNxCy 
g r a i n  size is < 50 A. Small g r a i n s   i n   r e f r a c t o r y  
materials are usua l ly   assoc ia ted   wi th  low s u b s t r a t e  
t empera tu re   du r ing   de   o s i t i on :   t h i s   has   been   s een   i n  
previous work on NbN.5s4w5 The v a l u e   o f   t h e  la t t ice  
cons tan t  9, obtained from t h e  TEM d i f r g a c t i o n   p a t t e r n  
is >4.38 A and can  be as high as 4.46 A. This  
i n d i c a t e s   t h a t  some of   the   carbon may be   conta ined   in  
t h e  films i n t e r s t i t i a l l y .  The s t r o n g e s t   e l e c t r o n  
d i f f r a c t i o n  peak  occurs  for  the  (220)  plane.   This may 
r e s u l t  from a pre fe ren t i a l   g rowth   o f  6-phase NbN ( N a C l -  
t ype   s t ruc tu re )   caused   by   t he   d i r ec t iona l i t y   o f   t he  
ion-beam.19 or from a mixture  of  6-phase  and  tetragonal 
c r y s t a l   s t r u c t u r e s . 2 0  Auger d e p t h   p r o f i l e s  show a 
nea r ly   cons t an t  NbINIC r a t io  throughout   the  thickness  
o f   t h e  films (-io00 A ) .  Large amounts  of carbon were 
found i n   s e v e r a l  films. A t y p i c a l  Nb/N/C a tomic   r a t io  
is -1/0.6/0.6. We i n f e r  from t h e s e   r a t i o s   t h a t  most  of 

NbNxCy films produced  with  the  low  energy  (100 eV) 

Fig.  3 shows a d a r k   f i e l d  TEM micrograph and a TEM 

the   carbon is c o n t a i n e d   i n   t h e  films s u b s t i t u t i o n a l l y .  
TABLE I.J'bm,,,z is the b W  energy  of the second  ion  source. IkmZ denotes the total ion  current  from the 
second  ion  source.? NZIAr mixture,  with  flow  rates of  2.1/0.57sccrn The magnetic  penetration  depth k 
is calculated with the equation  given in Ref. 5 using a 2A/kTc value  of 3.9. The atomic  composition 
ration is from  Auger  depth  profile  analysis. a, denotes  lattice  constant DiK denotes the strongest 
diffraction  plane  with  electron beam diffraction  Typical film thickness is 1000 A 

vbeam2 Ibearrrz pN2 N2/CHqflow Tc 6Tc p(20K) RRR h Nb/N/C ? 

B 1000  4.1  58 i12 0.09 158 0.92  375  1/094/0.17 - 
C 200 6.4  42  1.5/2.5  12.4  0.06  156 0.99 

E 5 100 62 42 1.5/2.5 13.0  0.16  105  1.01  284  1/0.60/0.59  4.46 (220) 

(Kl (K) ( w a r n )  Sample (VI (d) (PTorr) (-4 ( 4  ratio (A) Diff. 
A 1500  3.1  58  2.1/0.34  11.7 0.10 120  0.89 320 1/0.92/0.t%  4.38 (200) * 

D 100 63 42 1.5/2.5 12.7  OD9  77 1.02 246  1/0.60/0.88  4.41 (220) 
356  1/0.64/0.64 - 



841 

Fig.  3. T& micrograph  and T& d i f f r a c t i o n   p a t t e r n   o f  a 
NbNxC film (-570 th i ck )   f ab r i ca t ed   w i th  the same 
paramzters  as sample A i n   t a b l e  I. 

E lec t ron   t unne l ing   s tud ie s   i nd ica t e  t h a t  these 
Y NbN C films are strongly  coupled  superconductors wi th  

~ A / E T ~  va lues   o f  3.8-4.0. For t h e s e  films, ANbNC 
increases   f rom -2.0 meV t o  2.43 meV when T increases  
from 12.6K t o   1 4 . S .  Most junc t ions   exhibs t  a 
Josephson c r i t i ca l  c u r r e n t  a t  ambient magnetic f ie ld  
which is reduced below t h e  m a x i m u m  poss ib le   va lue .  
Thermal n o i s e  may also  have  depressed  th8  measured 
c r i t i ca l  cur ren t .   F ig .  4 shows an I - V  curve  of  a large 
area ( 3  .2X10-4 cm2) NbNxC /na t ive   ox ide  
/Pbo 95Bi0.05 t u n n e l   j u n c h o n   a t   4 . S .  The NbNxC base 
e l e c t r o d e  has a Tc =12.7K and a A -2.0 meV. $he 
sharpness  of the c u r r e n t  rise (~i!@~-0.13 mV) at t h e  
gap   vo l t&e may be  due to a junc t ion   hea t ing  effect 
caused  by t h e  small t u n n e l i n g   r e s i s t a n c e  (-0.05 0 ) .  
The c u r r e n t  rise a t  t h e  sum-gap is -50 mA which implies 
a m a x i m u m  cr i t ical  c u r r e n t   d e n s i t y   o f  -160 A/cm2 Por an  
i d e a l   j u n c t i o n .  The tunnel  conductance a t  2mV (u(2mV)) 
is -9% o f  t h e  tunnel  conductance at  5 mV (i.e. ,. 
a(2mV)/~(5mV) = (1(2mV)/I(SmV))x2.5 -0.05). The BCS 
sub-gap  current   f rom  thermal   exci ta t ion at  4.5K is -2% 
of the   t unne l ing   cu r ren t   fo r  t h i s  junction.  Fig.  5 is 
an I-V cu rve   o f  a large area NbN C /nat ive  oxide/Pb 
tunnel   junc t ion  a t  2K. The NbN Eyybase e l e c t r o d e  was 
fabricated at 200 O C  subs t ra te   t empera ture   and .   has  T, 
=14.lK. Its AmNE is 2.43 mV. The width of  the 
c u r r e n t  rise for h i s  I -V  is 0.27 mV, which is t y p i c a l  
f o r   o u r  NbN Cy films. The c u r r e n t  rise at  sum-gap is 
-8 mA, whicg corres onds to a maximbm cr i t ical  cul'rent 
d e n s i t y  of -25 A/cm' The leakage c u r r e n t  at  2 mV is 
-1.4% of  t h e  t u n n e l &   c u r r e n t   a t  5 mV. The BCS sub- 
gap   cu r ren t  is -0.02% of t h e  tunnel ing   cur ren t .  Both 
tunnel ing   ox ides  are formed by a i r  ox ida t ion   o f  NbNxCy 
f o r  -20 minutes. We conclude tha t  NbNxC n a t i v e  
thermal oxide  can  be  easi ly   produced,  a d  g i v e s  low 
junc t ion   r e s i s t ances ,  <1.6  mcm2. 

A l l .  Refractory SIS Tunneliliq 

We have  attempted to f a b r i c a t e  Nbt-NbN and NbN-Nb 
junc t ions .  The NbNxC na t ive   ox ides  are destroyed  by 
t h e  depos i t i on   o f   r e f8ac fo ry  metals, either Nb or hbN. 
A l l  junc t ions   exhib i t   superconduct ing   shor t s ,   p robably  
caused  by  pin  holes  in t h e  tunnel  barrier. The use   o f  
the 2nd ion source  does not  seem to be Pespons ib l e   fo r  
t h e  p o o r   q u a l i t y  o f  the  NbN-NbN junc t ions .   s ince  t h e  
2nd source  is i nope ra t ive   du r ing  t h e  Nb depos i t i on   fo r  
NbN-Nb junct ions.  and t h e i r  q u a l i t y  is equally  poor.  

Several   a t tempts   have  been made at  f a b r i c a t i n g  
NbN-NbN o r  NbN-Nb junct ions  with a r t i f ic ia l  barriers. 
The a r t i f ic ia l  barriers considered are thermal oxides  
of  A l ,  T a  and Mg ovti r layers  and ion-beam oxidized 

:koh%?& 1-5 3 Fir 1-5 minutes. Most of t h e s e  
junc t ions  show superconduct ing   shor t s  with varying 
degrees of   non- l inear   fea tures .  Among a l l  these 
junc t ions ,   t he  most promising  oxides  for NbN-NbN 
junc t ions  are ion-beam oxidized AlxOy  and NbxO . 
Futher   s tudy  is necessary  fo r  making high TC d N 4 b N  
junc t ions   us ing  a dual  ion-beam method. 

success fu l ly   f ab r i ca t ed   14 .X  NbN-NbN SIS   j unc t ions  
wi th  no ,obvious  gap  depression. 21 ( A l l  p rev ious ly  
reported NbN-NbN SIS  junc t ions  had reduced  gap  values 
in   t he   coun te r   e l ec t rodes . )  We b e l i e v e  t h e i r  work has 
demonstrated the p o s s i b i l i t y   o f   u s i n g   h i g h  Tc NbN-NbN 
junc t ions  for superconducting LSI c i r c u i t s .  

and T 0 The ion-beam parameters  used 

We should  mention that  S h o j i  e t  al. have   recent ly  

Fig. 4. I-V curve of a NbN .C /nat ive  oxide/Pb Bio  
junc t ion  a t  T -4'5K. The gage e l e c t r o d e  N b N  8*9gas t 
= 1 2 . n .  The sum-gap vol tage  is 3.35 meV a n i  &e width 
of t h e   c u r r e n t  rise is -0.13 mV. Tunnel ing   res i s tance  
is -0.05 0 .  The AfibNC is -2.0 meV. 

- T=2K 
12 - - 

H 6 -  - 

0 1 2 3 4 5 

Fig. 5. i-V curve of a NbNxCyfnative  oxidefPb  junction 
a t  T = 2 . a .  Tc of  the base   e l ec t rode ,  which is 
depos i ted  a t  200 O C  subs t ra te   t empera ture ,  is  1 4 . k .  
The  sum-gap vol tage  is 3.83 mV and the width of  t h e  
c u r r e n t  r ibe is 0.27 mV. The  AN^^^ is -2.43 meV. 
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Discussion 

A t  t h i s   po in t ,   one   can   on ly   specu la t e  as t o   t h e  
mechanism of film f o r m a t i o n   i n   t h e   d u a l  ion-beam 
method.  The N2' i ons  may pick  up  an  e lectron after 
impacting  with  the S i   s u b s t r a t e  (grounded) and then 
incorpora te   wi th   the  Nb atoms in to   t he   g rowing  film. 
A l t e r n a t i v e l y ,   t h e  N2' i ons  may e x c i t e   o t h e r  N2 
molecu le s   i n to   exc i t ed   e l ec t ron ic  states ( t h e  
e x c i t a t i o n   e n e r g y   r e q u i r e d  is on  the scale o f  a few 
eV): these   cou ld   t hen   d i s soc ia t e   y i e ld ing  N atoms  which 
can r e a d i l y  form compounds with Nb. Presumably, much 
of the   i on   ene rgy  is d i s s i p a t e d   i n   t h e  fiim as hea t .  
From t h e  fact tha t   t he   g rowth  r a t e  (-1.7 AIS) i n   t h e  
low-energy  fabr icat ion method is about   the same as t h a t  
obtained when f a b r i c a t i n g  NbNx wi th   t he   s ing le   i on -  
beam source   a lone ,  i t  appea r s   t ha t  a major   funct ion of 
t h e  N2 and CH4 i o n s  is t o  p rov ide   ene rgy   l oca l ly  at t h e  
sur face   o f   the   g rowing  f i l m .  However, Fig.  2 shows 
t h a t   t o o  much ion  energy may be  undesirable .   Fi lms 
fabr ica ted   wi th   h igh   energy  N 2  (and/or CH or Ar) ions  
h a v e   h i g h e r   r e s i s t i v i t y  and lower T,. Th?; sugges t s  
t ha t   t he   impac t  of 1000-1500 eV ions  may be   d i s tu rb ing  
or damaging t h e   e x i s t i n g   l a y e r s  of the  growing NbN C 
f i l m .  Damage t o  t h e  films caused  by  ion  impact may 
a l so   be   t he   r eason  for the  non-ideal (<17K) Tc o f  films 
f a b r i c a t e d   i n   t h e  low-energy  method, a l t h o u g h   t h i s  
could  also  be  caused  by  oxygen  contamination  due  to  low 
f i l m  growth ra te .  Based on the   above   observa t ions ,  we 
specu la t e   t ha t   su r f ace -hea t ing   w i th   an   i n f r a red  laser 
(possibly  used  in   conjucnt ion  with  extremely  low-energy 
ions  from t h e  2nd source)   might   be  an  interest ing 
a l t e r n a t i v e  t o  t h e   p r e s e n t   i o n  bombardment method from 
t h e  2nd ion   source .  With  such an approach  there  would 
not   be  large momentum t r a n s f e r  t o  damage t h e   l a y e r s  
a l r eady  formed. A h ighe r  Nb depos i t i on  rate may a l s o  
improve Tc . 
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