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Abstract 

Niobium based  SIS  junct ion  s t ructures   for  micro- 
wave receiving  devices  were inves t iga ted ,  The p o s s i b i l i -  
t y  of the  mixing  eff ic iency  improving  for  Nb-AlzOs-Nb 
junc t ions   wi th  a negat ive   res i s tance  on I-V curve  near 
t h e  gap voltage  has  been  demonstrated.  Comparative mic- 
rowave invest igat ion  of   the  paral le l   and series DC bia-  
sed  arrays shows the   advan tage   o f   t he   f i r s t  one.  SIS 
junction  capacitance  has  been compensated with micro- 
s t r i p   o r  lumped elements a t  the  s ignal   f requency.  Such 
compensated s t r u c t u r e s  were inves t iga ted  at frequencies  
38 and 76 GHz b o t h   i n  waveguide  and quasioptic  systems. 

Introduct ion 

Superconductor - Insu la tor  - Superconductor ( SIS 1 
junc t ions  are one  of  the  most  promising elements f o r  low 
noise  microwave receiving  devices .  S I S  junctions  have 
extremely  high  nonl inear i ty   of   the   quasipar t ic le   current  
and low in t r ins ic   no ise   approaching   the  quantum limit. 
The inves t iga t ions   o f   the  SIS  junc t ions  and ar rays  Based 
on the  sof t   mater ia ls   have  demonstrated quantum mi- 
xing  with  high  conversion  efficiency'  ", Using 
series S I S  a r r ays   s imp l i f i e s   t he  microwave matching and 
expands t h e  dynamic range of the  receiver ' .  However, 
SIS junc t ions  and arrays  based on t h e   s o f t  materials 
are n o t   r i g i d  enough, they are subjected  to   aging,  
The a i m  of the   p resent  work has  been  an  experimental in- 
v e s t i g a t i o n  of t h e  S I S  mixing  structure  based  on  refrac- 
t o r y  material niobium. 

Nb based S I S  junc t ions  

Earlier it has  been  demostrated  that Nb-NbxO,-Pb+Bi 
junc t ions '   a re   su i tab le   for  quantum mixing5. However 
the   spec i f ic   capac i tance  CIA (A - junct ion  area)   of  such 
junc t ions  are higher   than  for   sof t  material juri- 
c t ions ; : so   the   convers ion   e f f ic iency  i s  decreased. 
Therefore Nb junct ions  with A 1  i n t e r l a y e d ,   h a v i n g  
small spec i f ic   capac i tance  and high nonl inear i ty  of the 
q u a s i p a r t i c l e  IVC,  have  been  also  investigated'.  

Nb-Ali03-Nb junct ions were prepared  by  oxtdation 
a t  room temperature  of  the A 1  layer  (d = 30 - 40 B )  sput- 
tered  immediately  af ter  RF etching  of  the  bottom Nb 
electrode.tt!ounter Nb e lec t rode  was deposited  'without 
vacuum breaking on the room temperature   substrate;  its 
geometry was shaped by l i f t   o f f .  

r e s i s t a n c e  RN = 1 - 10 s2 f o r  areas A = 5 - 50 pm2 ; 
r a t i o s  RJ/RN are 5 - 25 , where RJ = r e s i s t a n c e  a t  
V = 2 mV. Nb-AlnO3-Nb junct ions  remain  s table  a t  ther-  
m a l  cycling  between  helium  and room temperature  and two 
year  aging. 

The experimental  comparison of the   dapac i tance   for  
two d i f f e ren t   t ypes  of t h e  Nb based  junctions i s  per- 
formed  by  determination  of  the  resonant  frequencies  in 

t i o  of t he   spec i f i c   capac i t ance   fo r   i n t r in s i c  Nb oxide 
and A1203 is estimated  as  2.5 ? 0.5. 

on Fig. 1 by s o l i d   l i n e .  One can see t h e   h y s t e r e t i c  
"knee" a t  V > Vg = 2h/e and r e s idua l   s lope  a t  V V . 
It was demostrated  in  microscopic  theory'   that   proximfty 
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P repa red   i n   t h i s  manner junctions  have  normal  state 

specialy  prepared  long  Josephson  juncrions. The ra- 

A t y p i c a l  I V C  of   the Nb-Al,O,-Nb junc t ions  is shown 
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Fig. 1. I V C  of Nb-Al,O,-Nb - junc t ion  a t  T = 4.2 K - so- 
l i d   l i n e .  Dashed l i n e s  show t h e o r e t i c a l  I V C s  of  SNINS 
junc t ion   fo r  three values   of  < (1) .  

efifect on the  boundary  normal  uetal - superconductor i n  
SNINS junct ions  leadsto  changlng  of   the  e lectron  dis t r i -  
bution  function and  consequently  leadsto  residual  slope 
a t  V V , "knee" a t  V > Vg, and  deflection  of  the  Ic(T) 
dependenge  from  "usual"  tunnel  one.  For  quantitative 
ana lys i s   the   paraue ter  

was introduced*;  where UN, as = conductivity  and 
SN, 5s = coherence  length  for  normal  uetal  and  su- 

perconductor  correspondingly; dN 2 thikness  of  the 
normal  layer.  Theoretical I V C s  f o r  SNINS junct ion  with 
two normal l a y e r s  a t  T/Tc = 0.6 are shown on Fig. 1 
by  dashed l i n e s   f o r   d i f f e r e n t   v a l u e s  < = 0.1, 0.3,  0.5. 
It is seen  the  experimental IVC conformwith  theoreti-  
c a l  one at  5 = 0.3;  the same es t imat ion   for  5 is  ob- 
ta ined from  comparison  with  the  theoryK-the  experimen- 
t a l  decreasing o f  the V and IC, the  value  of  the hys- 
teresis on "knee", the &ope a t  V c: Vg. 

c ideswith  experiment   bet ter   for  one  normal  layer  mdel 
SNIS junct ion a t  5 = 0.1 - 0.2. It  should  be  noted  the 
res idua l   s lope  a t  V c: V and "knee" f o r  Nb-Al,O,-Nb 
junctions  prepared a t  tte same oxidation  conditions 
by SNAP technique9 are reduced  s ignif icaly.  It indica tes  
t h a t   t h e  main normal l a y e r  i s  formed dur ing  RF cleaning 
of  the  bottom Nb e lec t rode   before  A 1  sput te r ing .  

For Nb- NbxOy-Pb+Bi junctions  the  theory  coin- 

Microwave properties  of  the Nb based j u n c t i E  

The I V C  p e c u l i a r i t i e s   o f   t h e  Nb based  junct ions 
("knee", f o r  example)  manifest  themelves in   t he   j unc -  
t i o n  microwave p r0pe r t i e s .h   F ig .  2 the autonomous  and 
pumped I V C s  (fL0 = 72 GHz) are shown by dashed and so- 
l i d   l i n e , r e s p e c t i v e l y .  The quantum cur ren t   s t eps  are 
ev iden t ly   v i s ib l e  on t h e  pumped curve. The var ia t ion  
of   the  I V C  w i t h   l o c a l   o s c i l l a t o r  power can  be  explained 
by exis tence  of   the two independent  current  step sets, 
with  dis tance  between  s teps  AV = hfLo/e = 300 pV i n  
in   bo th  sets. This i s  caused by existence  of  the two 
regions' on the  autonornus I V C  where  sharp  changing  of 
t he   conduc t iv i ty   t ake   p l ace :   f i r s t  one in   the   begin ing  
o f   t he   quas ipa r t i c l e   cu r ren t  growth at  V Vg; second - 
near "knee" a t  V > Vg. 
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Fig. 2. Autonomous (dashed l i n e )  and pumped ( so l id   l i ne )  
I V C s  of Nb-Al203-Nb junc t ion  at  fLO = 72 GHz. I n   t h e  in- 
sert, t h e   h y s t e r e t i c   c u r r e n t   s t e p  i s  shown i n   d e t a i l .  

I n  the   inser t -   o f   F ig .  2 the   hys t e re t i c   cu r ren t  
s t e p  is shown. The hys t e re s i s   ameared   i n   t he   na r row 
l o c a l   o s c i l l a t o r  power range  onlyJt  iskaused  by  hyste- 
resis on the  autonomus IVC near "knee". Existence  of 
t h e   r e g i o n   w i t h   l a r g e   o r   n e g a t i v e   d i f f e r e n t i a l  resis- 
t ance   i nd ica t e s  a p o s s i b i l i t y   t o   o b t a i n  a conversion 
gain greater than  unity".  Therefore  for Nb-Al,O,-Nb 
junc t ions   the   bes t   convers ion   e f f ic iency  (Gmax = 0.2) 
is r e a l i s e d  at V > V 

The extremely  h&h "knee" nonl inear i ty  on I V C  of  
t h e  Nb based  junct ions  gives   the  possibi l i ty   to   observe 
quantum mixing at  low frequencies   (hf /e  < 6Vg;6Vg is 
a gap spreading). 

For  comparison  with  photon-assisted  tunneling 
theory" we used  the Nb-Nb,Oy-Pb+Bi junctions  where 
Y 2 F f c R ~  was about  10 nun wavelength.  Therefore  the 

0 
f = 76 GHz IV C2/6 

Fig. 3. Pumped IVC of Nb-NbxQy-Pb+Bi junc t ion   fo r  fL0 = 
76 QIz - dashed line.  Experimental  conversion  gain de- 
pendence G(V) i s  shown by so l id   l ine   (curve   2 ) ,   ca lcu-  
l a t e d  G(V) - curve 3. 

SIS  junct ion  arrays 

The most important  advantage  of  the N SIS  junc- 
t i on   a r r ays  is the  increased dynamic range  as  N? 
Moreover it appea r s   t ha t   t he   no i se   p rope r t i e s   o f   an  ar- 
ray  are no  worse  than  those  in  an  equivalent  single 
junction' .   For  effective  mixing  the  equality  of  the 
dc   b i a s   vo l t age  on a l l  junc t ions  is necessary so t h e  
normal res i s tance   to le rance   should   be   no t   very   l a rge  
( ARN/RN C< hf/eVg); it means the  nonuniformity of t h e  
junctions  should  not  be more than 5 % f o r  f = 38 GHz. 

le l  b ias ing  of the  junct ions4  (See  Fig.   4) .  A l l  t h i r -  
t een   j unc t ions   i n   t he   a r r ay   a r e   connec ted  by supercon- 
ductor  inductive  loops ( L = lo-': lO-'H) which  pro- 
vides   the  equal   dc  biasing  vol tage on the   j unc t ions .  
This  loop  representsalarge RF impedance, therefore  RF 
currents   f low  direct ly   through  SIS  junct ions.   Junct ion 
nonun i fo rmi ty   r e su l t s   i n   va r i a t ion   i n   t he  LO power only. 
For  low intermediatefrequencies.the-junctions are con- 

We have  invest igated  the  SIS  arrays  with  dc  paral-  

impedance-'of the   junc t ion   has   l a rge   imaginary   par t   remain-   nec ted   in   para l le l ;   the   equiva l6nt   c i rcu i t   fo r   the  I F  
i ng   neaqcons tan t  a t  a l l  b i a s   vo l t ages  and we can cal- s i g n a l  is shown on Fig. 5. Using  equations  (2) - (4) 
culate   the  conversion  gain G(V,a) l o  and theequiva len t   c i rcu i t   (F ig .  5) it i s  p o s s i b l e   t o  ob- 

{I(V + (n + l ) h f / e )  - I(V + (n - l)hf/e},   (4) 

where is impedance  of t he   j unc t ion   fo r   s igna l   f r e -  
= I F  impedance  of t h e   e x t e r n a l   c i r c u i t .  The 

theoretical   conversion  gain  curve G(V) ca lcu la ted   us ing  
(2) - (4) i s  shown on Fig. 3 (curve  3). It can  be  seen 
t h a t   t h e r e  is good agreement  between  experiment  (solid 
l i n e )  and  theory".  Note, t h a t   f o r  Nb-Al,O,-Nb junc t i -  
ons with smaller capaci tance ( y % 1 ) i t  is necessary 
to  take  into  account  voltage  dependence  of  the  junction 

f o r  G(V) . impedance; so it requires  numerical   calculations 

q u e n c y 3 ,  

ta in   the  expression  for   the  conversion  gain of t h e  ar- 

Fig. 4. Photograph of 1 3   j u n c t i o n s   a r r a y   w i t h   p a r a l l e l  
dc  biasing. 
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Fig. 5. Equivalent  circuit   of  N-junction  array.  

For  uniform  spread  of  the  junction  normal  resistances 
i n . t h e   a r r a y  and a t  R p x / R p n  = 2 the  es t imat ion  f rom 
(5) shows that   conversion  gain  of   the  array  with  paral-  
l e l  b ias ing  is  decreased by 3 dB only. It i s  much 
b e t t e r  than fo r   u sua l  series ar ray  w i t h  t h e  same non- 
uniformity. 

a t  the  same time: 
i )   Increase   the   to le rance   for   junc t ion   nonuni formi ty ;  
i i )Provide   matching   a t   the  s i  nal  frequency of t h e  

source  and  RF-array  impedance R& .̂ NRN (ZhZ/eVg); 
i i i )  Provide  the  matching a t  t h e  I F  frequency of t h e  

output-array  impedance  and  input-IF-amplifier  resistan- 
ce. So, p a r a l l e l   a r r a y s g i v e   u s   t h e   p o s s i b i l i t y   t o  op- 

Thus S I S  a r rays   wi th   para l le l   dc   b ias ing   a l low 

Fig. 7 .  Three-junction  parallel   dc-biased  array w i t h  
open-circuit   microstrip  stubs.  

t o  ‘(hf/e) */RN which i s  approximately  equal  to  the I F  o u t p  
s a t u r a t i o n  power for   s ing le   junc t ion .   F ig .  6 shows t h a t  
3 dBreduct ionof  the conversion  gain  takesplace a t  t h e  
same inpu t   s igna l  power level   for   both  array  types.  
This   level  i s  N’ times more than f o r  s ingle   junct ion 
tha t   agrees   wi th   da ta   for  series arrays‘. 

Junction  capacitance  tuning  out.  

t imize t h e  RF and  IF  matching  simultaneously by choosing  the The la rae   junc t ion   capac i tance   e f fec t ive ly   shunts  
number of   junct ions N. I f  we know Z, and 2, we can cal- 
culate   the-opt imal   value N: 

- - 

Zs/Zo = RRF/RrF ar ar = N2(RN/Rd)2hf/eVg = N2*const . (6) 

For  comparison  different  types  of  arrays we have 
inves t iga ted   exper imenta l ly   s ing le   junc t ion ,   para l le l ,  
and series dc-biased  arrays  fabr icated on t h e  same sub- 
strate. The junctions  have  areas  about 60 pm2. The 
reduced   sens i t iv i ty   for   bo th   type  of a r r a y s   d i f f e r  
less than I dB i n   s p i t e o f   t h e   d i f f e r e n c e  of t h e  normal 
state r e s i s t a n c e  forN2= 169. Thus the  dc-bias   induct ive 
c i r c u i t s   p r o v i d e   e f f i c i e n t   i s o l a t i o n   f o r  RF cur ren t .  
Quantum mixing  has  been  obtained  for  single  junctions 
and  both  types of t he   a r r ays  a t  f = 38 GHz, but  conver- 
sion  photon  peaks  for series arrayrwere  smaller  than 
ones  for   paral le l   arrays  and  s ingle   junct ions.   Saturat ion 
measurements were performed by I F  photon,  peak  reduction. 
Normalized quantum conversion  efficiency  vs  normalized 
s i g n a l  power f o r  a s ing le   j unc t ion  and  both  type of t h e  
a r rays  i s  shown in  Fig.  6. Signal  power is normalized 

- I  

the  mixer a t  harmonic  frequencies  but must be  tuned  out 
a t  the  signal  frequency.  This i s  usually  accomplished 
by an e labora te   matching   c i rcu i t  which leadsto  nar- 
row bandwidth’’ and reduction of t h e   j u n c t i o n   r e a l   p a r t  
impedance 1 / ( 1  + y2) 12. For optimal  junction  capaci- 
tance (1 < y< LO) this   reduct ion i s  s igni f icant .   Opt i -  
mization of S I S  mixer  requires  tuning  element  external 
t o   t he   j unc t ion   bu t   c lo se  enough t o  minimize  losses  in 
s i g n a l   c i r c u i t s  ’ 
t ance   tun ing-out   c i rcu i t .   F ig .  7 shows three-junction 
array  with  open-circuited  superconducting  microstrip 
stubs  ( length 1, > h / 4 )  which act as a p a r a l l e l   i n -  
ductance  across  the  junctions1 ” 13. The data  shows t h a t  
t he   mic ros t r ip s   i n   ou r  case are perpendicular  to  cur- 
rent   f low and  can  be  applied  to  mixer  blocks  with re- 
duced-height  waveguider.  Counter  PbfBi  microstrip  elec- 
trode  (width w = 10 pm) is separated from bottom Nb one 
by Si0  layer  (d = 3000 - 4500 A ) .  The so f t   ma te r i a l   o f  
the  counter   e lectrode  provides   the  possibi l i ty   of  re- 
sonhint frequency  tuning  by  changing  of  the  stub 
length.  Fig. 8 shows the   de tec tor   responce   ra t io   for  
junctions  with and without  capacitance  tuning  out a t  
two different   s tub  lengthes .  The sol id   curves  show the 
theore t ica l   ones   ca lcu la ted   for   case  Zs>> const: 

We have  invest igated two types of junction  capacj-  

SF= 

Fig. 6. Normalized  conversion  efficiency  vs  signal 
power fo r   t h ree   t ypes  of t h e  SIS  s t r u c t u r e s :  o - s i n g l e  
junct ion;  A - a r ray   w i th   dc   pa ra l l e l   b i a s ing ;  U - seri- 
es a r ray .  

Fig.8.  Detector  response  frequency  dependence of the  
junction  with  tuning  out  capacitance by open-circuited 
‘micros t r ip   s tub   for  two lengthes  ll=60O1im and 12=750pm. 
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$9.  Photography  of a two-junction cel l   wi th   superco-  
: t ing  induct ive  loop  for   tuning  out  of the  capacitan- 
The equavalen t   c i rcu i t  of t h e   c e l l  is  shown i n   i n s e r  t 

where Z= stub and j u n c t i o n   p a r a l l e l   c i r c u i t  impedance, 
p = c h a r a c t e r i s t i c  impedance of   the   micros t r ip   l ine ,B = 
2aJdh0=  propagat ion  constant1 '  . The resonance  curve 
shape  provides a convenient method for   determinat ion of 
the  system  parameters. For example, a t  frequency  where 
1, = 1J4, t he re  is shunt ing  of   the  junct ion impedance 
and  response is decreased  to  zero.  For data   represented 
on Fig.   8   the  best   f i t t ing  takesplace a t  p = 852, C =6pF, 
R ~ F  = 1.4 s2, JE = 3.9, agreeing  well   with  another es- 
t lmation  of  these  parameters.  

I n   t h e  second case we  have  investigated  the  tuning 
out of the   junc t ion   capac i tance  by lump inductance  pro- 
vided a t   t h e  same t imeardc  paral le l   b ias ing  of   the  jun-  
c t ions in   a r ray .   F ig .   9  shows t h e   c s l l  of two SIS j unc t i -  
ons with  inductance  loop( L = 2 10  I0H is s e l e c t e d   t o  
resonate   junct ion  capaai tance a t  s ignal   f requency) .  
Such cells are most s u i t a b l e   f o r   u s i n g   i n   p a r a l l e l  dc 
biasing  arrays.  

Planar   quasi-opt ical  mixer 

In  recent   years   an  increased  interest   in   appl icat i -  
on  of quasi-optical  mixers and d e t e c t o r s   a t  mm wa- 
velength  has  been  observedI5-l7. The advantages of such 
devices are very  wide  bandwidth  without  any  additional 
tuning and avoidance  of  the  polarization  losses.  These 
advantages of the  quasi-opt ical   devices  become  more 

I I I I I 
534 57 686 642 628 f,GHz 

Fig. 10. Detector responcle frequency  dependence of the 
junct ion  with  capaci tance  tuning  out  by inductive  loop 
(curve  1)and  witout  tuning  (curve  2). Curve  3 - r a t i o  
of the  responses  with and without  tuning. 

important at  the   sho r t  mm wavelengthes. 
A rece iv ing   s t ruc ture  combining  SIS  junctionswith  tu- 

n i n g   o u t   c i r c u i t  and planar  antenna  has,   been  elaborated.  
The capacitance  tuning  out of Nb-Nb 0 -Pb+Bi junc t ion  is 
provided by thin  f i lm  superconducti$gYloop  with  width 
20Vm and area &OOOwn2.  For  dc b ias ing ,   the   capac i tance  
(C =0.3 pF) is formed i n   t h e  loop. The rece iv ing   s t ruc-  
tuge is arranged  across   c i rcular  waveguide  (diameter A6 
mm) f o r  RB signal (50 - 7QGHz). The spec ia l   absorber   in -  
s t a l l e d  around  the  sample  provides  nondirtorted microwa- 
v e   f i e l d   i n   v i c i n i t y  of the  junct ion;  so we can estimate 
inpu t   subs t r a t e  power  by measuring power i n   o v e r s i z e  wa- 
veguide. Absorbed RF S I S  junct ion power is determined by 
measkr ing   the   f i r s t   quas ipar t ic le   s tep   osc i l la t ion .  
The antenna  losses  of input   s igna l  power is 61t3  dB, 
taking  into  account  antenna (R =70Q) and RF SIS junc- 
t i o n  (RN=2On) mismatching. ant 

We a l s o  have  invest igated  the  inf luence of tuning 
out  element i n   t h i s   s t r u c t u r e .  Fig.10 shows the   de t ec to r  
response  frequency  dependence of t he   s t ruc tu re   w i th  (cu- 
rve  1) and without  (curve 2) tuning  out  element. Nonmono- 
tonic  frequency dependence is caused  by ex te rna l   e l ec t ro -  

tage  (curve  3)caused  by  the  tuning  out  element. 
' dynamic  system. Ratio of  curve 1 and 2 g ives   t he  advan- 
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