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ABSlRACT 

AI I-NbN nanobridges  with gap s t r u c t u r e   i n  I-V curves 
have been reproducibly  constructed  using R I E  and l i f t - o f f  
techniques. The nanobridges had a   w id th   o f  2 Dm, and a 
th ickness  of<30 nm. The length o l  nanobridge was about o f  
the   o rder   o f   3   to  5 coherence  length  of   epi taxial  NbN f i Ins. 
The nanobridges had near ly   idea l   charac ter is t i cs :   sharp ly  
de f i ned   c r i t i ca l   cu r ren t ,   h igh   res i s tance ,   we l l -de f i ned  gap 
s t r u c t u r e   a t  about 4 mV, la rge I& products  of  -3 mV, and 
low excess  current.  Small-area dc SQUIDS were made using  the 
nanobridges, and anaIys&s of   the response t o  magnetic f l u x  
were  perforaed. The current-phase  relat ionship  of   the nano- 
bridges was found t o  be c lose   to   s inuso ida l .  The  maximum 
LC resonant  voltage was about 1.2 mu, corresponding  to  a 
frequency  of 580 GHz. The I F  peak was obtained up t o   t h e  
bias  voltage  of  about 4 mV i n  101 GHz Josephson  mixing. 

INTRODUCTION 

Attempts a t   m ix ing   w i th  Josephson bridges have resul ted 
in  very  large  conversion  losses,  most ly due t o  poor coup1 ing 
from the  s ignal   source  to  the low-impedance junct ions.  The 
most successful  device has usual ly  been the  h igh impedance 
point -contact  Josephson junct ions.  l. I n  their present form, 
these  dev ices   a re   p robab ly   no t   su f f i c ien t ly   s tab le   fo r   f ie ld  
appl icat ions.  The rapidly  developing  technology  of   th in-  
film Josephson  nanobridges may p r o v i d e   s o l u t i o m t o   t h i s  
problem. 

bridges due to   t he   va r ie t y   o f   s t ruc tu res ,   t he   d i ve rs i t y   o f  
exper imental   resul ts and the  d i f ferent   mechanisms(var ia t ion 
of   the  order   paraneter   in   t ime and space. vortex  motion, 
and excess  current). The phys ica l   p ic ture  o f   the excess 
c u r r e n t   i n   p a r t i c u l a r   i s   n o t   c l e a r   a l t h o u g h   a  few theo re t i -  
ca l  models were proposed.3 I n  our  research we attempted l o  
produce  Josephson  nanobridges  which  have  the same DC and RF 
p roper t i es  as point -contact   junct ions.4-5  Recent ly  we de- 
veloped  all-NbN  edge-junction  nanobridges  that show remarka- 
b l e  improvements i n   t h e i r  Josephson cha rac te r i s t i cs  compared 
to   prev ious  a t tempts.  

I n   t h i s  paper we wi I I d iscuss  the  fabr icat ion approaches 
which have  been developed for  producing Josephson nano- 
b r idges   w i th  gap s t ruc tu re  and w i th   h igh  impedance.  Then we 
present  our  prel iminary  resul ts  on Josephson m ix ing   w i th  

and granular   e f fect  e t o   exp la in   t he   o r i g in   o f   t he  gap- 
such  nanobridges. We will a l s o  discuss  the  Blonder  model7 

structure  which i s  observed i n  our  nanobridges. 

The s i t u a t i o n   i s .  however, complex fo r   t he  Josephson 

FABRICATION  TECHNIQUE 

The  NbN nanobridges  can be prepared by R I E  and I i f t -  
o f f  techniques. The banks  were  produced us ing   ep i tax ia l  
NbN f i lms   w i th   h igh   c r i t i ca l   t e lnpe ra tu res  and w i t h  sub- 
s t a n t i a l l y  low r e s i s t i v i t y .  On the  other hand, grany NbN 
f i l m s   w i t h   h i g h   r e s i s t i v i t y  was used for the  bridges. The 
e p i t a x i a l  NbN f i l m s  used i n   t h i s  work was developed  by  the 
au thors .s   Br ie f l y ,  i t  consis ts   o f   ,sequent ia l   deposi t ion 
o f   h igh l y   o r i en ted  HgO and superconducting NbN f i lms  by RF 
magnetron  sputtering. 

The fabr icat ion  procedure as shown i n  Fig.1 i s  as 
f O l l O W S  : (a),(b) HgO and NbN f i l m s  were sequent ia l ly  
Sputter  deposited  onto  the  substrate  at  about 210 x. Next, 
the NbN was patterned by  conventional  photolithography and 
r e a c t i v e   i o n   e t c h i n g   t o   d e f i n e   t h e   f i r s t  bank. 

( c ) , ( d ]  A th in   layer (10-20 nm) of HgO was deposi ted  to  de- 
f ine  the  br idge  length,  and then,  without  breaking  the 
vacuum, a NbN f i lm(130  nm) was sput ter   deposi ted  a t  60-90 x. Af te r   reac t i ve   i on   e t ch ing   t o   de f i ne   t he  second  bank, 
AZ r e s i s t  was l i f t e d   o f f .   I n   t h i s   s t e p ,   a l l  edge junc t i ons  
showed h igh  res is tance ( > M  Q )  a t  4.2 K, and there was no 
supercurrent.  After  the  banks(edge-junction) were prepared. 
the  surfaces  of   the banks were l igh t ly   spu t te r   c leaned,  and 
then  a 30 nm f i  I m  o f  NbN  was deposi ted  in  Art($-10 %IN2 
mixture.  Final ly  a  nanobridge dc SQUID was fabr icated by 
reac t ive   ion   e tch ing .   Th is   s t ruc tu re   i s   s im i la r   to   var iab le  
th ickness  br idge  conf igurat ion.  

the  performance of a  nanobridge, and i t  is d i f f i c u l t   t h e r e -  
afr;er t o   r e l i a b l y  Beasure the normal resistance. The HgO 
has very  high  thermal  conductivi ty  below 20 K. the same as 
diamond.lc Hence i t  permits  fast  decay o f   Jou le   heat ing   in  
the  br idge  reg ion.  

cate  all-NbN  edge-junction  nanobridges, one problem i s  
encountered  which stems f rom  the  fact   that   the  br idge and 
banks are  not  made of  a s ing le   mater ia l .  I t  r e s u l t s   i n   t h e  
non eveness of   edge- junct ions.   Unfortunately we can  not 
con t ro l   the  shape o f   t he  edge junct ion  thoroughly .  However, 
roughness of   the edge junct ions,  indeed, caused the grainy 
NbN f i l m s   w i t h   h i g h   r e s i s t i v i t v .  and conseouentlv nano- 

The ef fects   o f   Joule  heat ing pose the  urimary limit on 

When the R I E  and l i f t - o f f  techniques  are  used  to  fabr i -  

bridges had good e l e c t r i c a l  charac ter is t i cs   as  shown l a t e r .  
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RESULTS AND 'DISCUSSION 

The superconduct ing  t ransi t ions were monitored  re- 
s i s t i v e l y ,  and the  temperature measured w i th   a  germanium 
res is tance thermometer(1ake  Shore  Cryo.,  Inc. GR-2OOA). 
The res is tance  as  a   funct ion  o f   temperature  for   a   typ ica!  
nanobridge  is shown in   F ig .2 .  The c r i t i c a l   c u r r e n t  of t h l s  
nanobridge dc-SQUID was about 30uA.   F igure  2   c lear ly  shows 
th ree   t rans i t i ons ,  one a t  -11 K associated  wi th  the  br idge, 
and the  o ther   16 K and 14.8 K associated with t h e   f i r s t  and 
second banks, respect ive ly .  

about  13 K and a  very  long  ta i l   merging  wi th  -10.3 K 
t r a n s i t i o n .  The eva lua ted   res idua l   res i s t i v i t y ,  ~ ~ ( 1 4  K ) =  
R(14 K).W.d/L,, f o r   t h e   b r i d g e  was-7OOOuQ cm by us ing 
W=2 Dm. d=30 nm, and L,-20 nm as  the  th ickness  o f  HgO 
i n s u l a t o r .   l h i s   v a l u e   i s  much la rge r   t han   t ha t   o f   ep i tax ia l  
NbN f i 18s. I t  may probably be caused by the roughness o f  
the  edge-junction.  Although we were no t   success fu l   in  
c o n t r o l   l i n g   t h e   r e s i s t i v i t y   o f   t h e   b r i d g e   l a y e r  and the 
f la tness   in   edge- junc t ions ,  we s t  i I I bel ieve  that   the  grany 
NbN f i Ims ought t o  be used t o  prepare  the  high-impedance 
devices. The length   o f   the   b r idge  a lso  must be of   the  order  
o f  1-5 coherence length  in  order  to  obtain  a  wel l -developed 
Josephson e f f e c t ,  and the  width  should be o f   t h e   o r d e r   o f  
the   th in - f i lm  penet ra t ion   depth  J.J. t o  reduce t h e   k i n e t i c  
inductance  without  reduction  of  normal  resistance  of nano- 
bridges. 

The t r a n s i t i o n   o f   b r i d g e   i s  broad, w i t h  an onset   a t  
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Fig.2 A t yp ica l   superconduct ing- to -normal   t rans i t ion   in   the  
all-NbN  nanobridge SQUID. The thickness  of   both banks 
is-150 nm, and b r i d g e   i s  -30 nm. 

Fig.3(a) shows the  current -vo l tage(1-V)   character is t ics  
and the dynamic  conductance o f   t y p i c a l  nanobridge SQUIDS 
without  microwave.  Note  the  well-defined gap s t r u c t u r e   a t  
4 mV. I n   a l l  nanobridges  fabricated,  the  voltage  of  the gaps 
was near ly  4 mv.  The nanobr idge  also  has  a  substant ia l ly  
h igh impedance, R p - 1 0 0  Q ,  which   resu l ts   in  easy coupl ing 
between the  R F  signal  source and devices. 

nanobridges may r e s u l t  from  the  extremely  short  length of 
br idge and the  use  of  grany NbN film in   b r idge  layer .  The 
sharp I-V charac te r i s t i cs   a re   s im i l a r   t o   t hose   f o r   t he   h igh -  
q u a l i t y   p o i n t - c o n t a c t   j u n c t i o n .   I n   a d d i t i o n   t h e  LC resonant 
steps  are shown i n   F i g . 3 ( a ) .  The  maximum resonant  voltage 
V,, observed was 1.2 mV, corresponding  to  a Josephson f r e -  
auency o f  580 GHz. 

A more in fo rma t i ve   p lo t   o f   t he  dependence o f   t h e   c r i t i -  
ca l   cur ren t  on   ex te rna l   f i e ld  was obtained,  as shown i n  F ig .  
3(b) .   Resul ts   ind icated  a   near ly( i f   not   exact ly)   s inusoida l  
current-phase  relat ion  f rom .Tc t o  4.2 K. 

The c l e a r  gap s t r u c t u r e s   f i r s t  observed i n   a l l   o u r  NbN 

40 

- 
6 

t o  
I- 

111 
KC -40 
3 
V 

- 8  -4  0 4 8  

VOLTAGE (mV) 

( a )  

Fig.3  (a) I-V c h a r a c t e r i s t i c  and dynamic  conductance  of  a 
a l  I-NbN nanobridge SQUID, 

(b)  Quantum interference  pattern.  

Fig.4(a) shows a   se t   o f  I-V c h a r a c t e r i s t i c s   f o r   o u r  
high-impedance  nanobridge. The dependence o f  the excess 
current  and c r i t i c a l   c u r r e n t  on  temperature i s  shown i n  
Fighre  4(bl .  One evidence f o r  Josephson coup l ing   o f   g ra in  
i s   g i v e n  by the  temperature dependence  of I ,  near T,. 
Near T,, nanobridges  tend t o  obev a more I inear dependence 
on  te lperature,   as I, --[,-I, tha t  is, they obey the  
Josephson  Lheory. I n  general, most of   our high-impedance 
nanobridge had I inear I,-vs-l curves a t  near r,. Very Iow- 
i mpedance  and I arge-current  nanobri dges inc lud ing non- 
Josephson current,  of  course,  tend  not  to obey the Josephsorl 
theory. 

The d e f i n i t i o n  of the  excess c u r r e n t   i s   t h e  sarne as 
referencel71.  Except  for  temperatures  extremely  close t o  T,, 
t h i s  excess c u r r e n t   i s   o n l y  weakly  dependent  on  temperature. 
According  to  Blonder's  theory  which  describes  the  crossover 
froin  metall ic(SNS) to  tunnel   junct ion(SIS)  behavior,   the 
excess Current  on  junct ions has thc  temperature dependence 
O f  IEx-A(T). In   F ig .4(b)- (b) ,   the  exper imenta l   po ints  r i t  
the  normalized  curve of A(T)/A(O) very well. 

VOLTAGE mV T / T c  

Fig.4  (a) I-V c h a r a c t e r i s t i c s   o f   a   t y p i c a l  NbN nanobridge 
a t   d i f f e r e n t  temperatures. 

(b) TemDerature  dependence of  normalized I ,  and I , ,  
o f  a NbN nanobridge. The s o l i d   c u r v e   i s  
theore t ica l  dependence with  experimental  values 
ind icated by c i r c l e s ,  and dashed one i s  temper- 
a tu re  dependence of  the  energy gap A(T) .  
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iig.5 Plot  of   the I, versus  the  normal  resistance R N  
f o r  &an{ nanobridoe(dc SQUID) a t  4.2 K. For a i l  
samples the  th ickness  o f   br idge  is  about 30 nm. 

AS mentioned  above,  the i n i t i a l   l aye r   o f   t he .b r idOe  
was about 30 irn, In thickness. I t  i s  about  seven times as 
t h i c k  as the coherence length  o f  e p i t a x i a l  NbN( EGL-4.5 
nm). F i0 .B  shows the   va r ia t i on   o f  I ,  and R L  f o r  two  ?aha- 
bridges, as the  th ickness.of   br idges were thinned by Ar 
ion  etching. Some I-V charac te r i s t i cs   a re  shown I n   t h i s  
f igure.  The a5  prepared  nanobridges  have  high e%ceSS Current 
and f a i n t i s h  gap Structure  a t   about  4 inV(inset(a)). 
Then the  br idge  layer was reduced in   th ickness PY Ar ion 
sput ter   e tch i f lo   a t   about  0.15 W/cm2 R F  power de ls i tY .  The 
I-v c u r v e ( i n s e t ( c ) )   w i t h . r h e   c r i t i c a l   c u r r e n t   o l . a b w t  one 
ten th   o f   t he   i n i t i a l   va lue (a )  shows the well-defined Sap 

decreased  as  the  thickness  of  the  bridge was reduced t o  E 
s t ruc tu re  at-,# my. Note  that  the  excess  current I S  

.or  thereabout. When the  bridge was thoroughly  etched  out, 
the edge  junct,ions.show h igh  impedance ( > H  n) as i n   i nse t  
'Id). I n   t h i s   e%Per lnen t ,   h igh  RF-power dens i t y   i n   Spu t te r  
+GK\\~ cat$eh insuhtion kea\%w~, in xso\a~b ~WL*L;RJI~. 

40 . fnrrlOlGHz 
. T=4.2K n 3o 

a - 20 

0 -10 - 
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Figure  8 shows the  mixer  chip's and p re l im ina ry   resu l t  
i n  Josephson mixing. The geometry was designed f o r   t e s t i n g  
them as mixers  a t  101 GHz so the  nanobr idges  are  located  at  
the  center  of a s t r i p l i n e  chqke s t ruc tu re .  The s t a t i c  I - V  
curves  wi th  and without 1.0 power and I F  ou tpu t   f o r  funda- 
mental  mixing  are  plotted  as a func t i on   o f   vo l tage   f o r  a 
nanobridge SQUID. It was operated  at  T=4.2 K w i t h  f,F=4 GHz. 
,' 'The IF 'peak i s  obtained up to   the   b ias   vo l tage o f  about x IN, 'corresponding  to gap vo l tage  o f  NbN nanobridges. The 
RF coupl ing i s  poor  because  the t h i n   f i l a  antenna  structure 
was not  optimired. I t  i s ,  however, poss ib le   that   carefu l  
a i ten t ion   to   improv ing   the   coup l ing   charac ter is t i cs  nay 
DPovide f u r t h e r   s i g n i f i c a n t  iwprovements in  nanobridge.per- 
formance at  high  frequencies.  Mixer experiment. was ca r r i ed  
O u t  a t   t h e  Radio  Research  laboratory,  Hinistry of Posts S 
T.elecon., Japan. The d e t a i l e d   r e s u l t s  will be repor ted  in  
th is   conference by our  co-worker. 

8lAS VOLTAGE (mV) 

f j g . 8  (a) Coaplete  nanobridge SQUID and  choke s t ruc tu re .  
( b )  I - V  c h a r a c t e r i s t i c s  and IF outpu t .w i th   ex te rna l  

LO a t  105 GHz f o r  an all-NbN  nanobridge a t  4 .2  K. 

CONCLUSION 

of t h i n  film nanobridge  that shows remarkable  imDroveBentS 
i n   i t s  Josephson c h a r a c t e r i s t i c s  compared to   p rev ious  
attempts. They had good e l e c t r i c   c h a r a c t e r i s t i c s  : sharply 
defi.ned c r i t i c a l   c u r r e n t ,   h i g h  iaoedance, We1 I-def ined gap 
s t ructure,   large IcR, products, and low excess  current. I n  
the  present  high-impedance,  nanobridges.  the  good  agreement 
between experiment  and  theory  for  curves Ic(T) and IEx (T )  
also  indicated  that   the  observed  superconduct ing  current  is  
a c t u a l l y  a  turjnel  current, and does not'owe I t s   o r i g i l r   t o  
superconduct ing  netal   contacts between  banks. The nanobridge 
SQUIU without  excess  current had near ly  ideal   depth  of   the 

a Is0 observed i n  J-V curves. The I F  peak was ob,tained  up t o  
f l u x  modulation. The LC resonant steps  up t o  1.2 nV were 

the   b ias   vo l tage   o f  about 4 mV i n  101 GHz Josenhson  mixing. 
The wel l -def ined gap s t ruc tu re  and h igh  impedance i n . t h e  
present  nanobridges may permit  high  performance as Josephson 
mixer  at   h igh  f requencies,  

I n   t h i s  paper we reported  the  developaent  of  a new type 
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