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ABSTRACT 

The e l ec t r i ca l   p rope r t i e s ,   i nc lud ing   t he  Joseph- 
son-effect   response  to  microwave radiation,  have  been 
studied  for  extremely small, high-resis tance micro- 
bridges  of Pb-In a l l o y  and  unalloyed  In,  with dimen- 
sions  ranging from  3001 t o  200011. The IcR  product  of 
I n  and Pb-In microbridges  decreases  smoothly as the  
br idge   c ross   sec t ion  is reduced,  approaching  the Ginz- 
burg-Landau limit of  0.64 mV/K for   the   smal les t  
bridges. The voltage  range  of microwave response  and 
the  temperature  range  of  hysteresis-free  operation  both 
increase  (improve) as the  br idge i s  made narrower, i n  
agreement  with  Joule  heating  theory.  For  example,  an 
8 ohm Pbo gInO  bridge  with a l l  dimensions 5 5001  has 
a maximum'step'voltage of Vmax = 1.5 mV and a non- 
hysteretic  temperature  range  of ATn = 1.2 K. 
Bridges  of  unalloyed  In  can show st?l?'E:tter response 
due t o  a longer  coherence  length,  and  non-hysteretic 
operat ion  over   the  ful l   temperature   range below Tc is  
possible .  

I. INTRODUCTION 

Superconducting  microbridges  are  an  important 
class of  Josephson  weak-link  devices' , wi th   s ign i f i can t  
po ten t ia l   for   appl ica t ion   in   h igh- f requency   de tec tors  
and SQUIDS, due i n   p a r t   t o   t h e i r   t h i n - f i l m   r e l i a b i l i t y  
and po ten t i a l   r ep roduc ib i l i t y .  It has  been  recognized 
in   r ecen t   yea r s   t ha t  improved  microbridge  performance, 
and remedies  for some of the s i g n i f i c a n t  problems  such 
as Joule  heating,  could  be  achieved by making micro- 
br idges as small as, and  shaped l ike,   h igh-qual i ty  
point   contacts  ,2 I n   t h i s  work, we r e p o r t  on t h e  
propert ies   of   ul t rasmall  Pb-In and In  variable-thick- 
ness  microbridge? (VTBS), f o r  which a l l  dimensions  can 
be less than 500A. We have  studied i n  d e t a i l   t h e  
limits on  the  Josephson  effect   in   these  devices ,   and 
t h e i r  dependence on material parameters  and  dimensions. 
The e f f e c t  of boundary s c a t t e r i n g   i n   v e r y  narrow 
(<4001) In   br idges was also  invest igated.   Other  micro- 
br idge   p roper t ies  which relate   to   non-equi l ibr ium  ef-  
f e c t s   a r e   d i s c u s s e d   i n   d e t a i l  elsewhere.'+ 

11. FABRICATION AND MEASUREMENT  PROCEDURE 

The microbridges  studied were f a b r i c a t e d   i n   t h e  
var iable- thickness   configurat ion,   to   reduce  the  effects  
of   sel f -heat ing,   and  to   local ize   the  depression of the 
order  parameter. The bas i c   f ab r i ca t ion   p rocess   u t i -  
lizes  the  novel  two-dimensional  shadowing  technique 
based on substrate-step  edges  of:Ref.  3, with  subse- 
quent  improvements.'+ A p i c t u r e  of a small I n  micro- 
br idge  fabr icated  with  the improved  technique is  shown 
i n  Fig. 1. The width a t   t h e   c e n t e r  i s  <400 x. Other 
dimensions are i n  Table 11, below. 

Films  of PbO.gIno.l and I n  were  used i n   t h e s e  
s tud ies ,  as these are well-characterized,  soft   super- 
conductors. The films  were  evaporated  onto  liquid- 
ni t rogen-cooled  substrates   to   achieve small g r a i n  s i z e ,  
which f o r   t h e  Pb-In a l l o y  was s u b s t a n t i a l l y  smaller 
than   tha t   o f   the   In   f i lm  in   F ig .  1 (see  Ref.  3,  Fig.  1). 
Material parameters of ou r   f i lms   a r e   l i s t ed   i n   Tab le  I. 
One (unintent ional)   a l loy  microbridge of I n  95% was 
produced,  but most propert ies   were  l ike  tho6e of'?l?e Pb 
a l loy   b r idges ,  so i t  i s  not   d i scussed   in   de ta i l   here .  
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Fig. 1 Scanning  electoron  micrograph  of  'bridge S-14. 
Minimum width I s  <400A. Viewed a t  an  angle. 

Attempts t o   f a b r i c a t e  Sn br idges were not   successful  
due t o  stress i n   t h e   f i l m ,  which l e d   t o   s p l i t t i n g   o f  
the   f i lm a t  the   subs t r a t e   s t eps .  

Measurements of  dc V(1) curves were made i n  an rf 
and  magnetically-shielded  cryostat ,   with  carefully 
shielded,  battery-powered  electronics and a Keithley 
nanovoltmeter, as described  elsewhere.4* With the  
precautions  employed, no microbridges  were  burned  out 
during  mounting o r   r o u t i n e  measurement. 

111. MICROBRIDGE PARAMETERS AND CRITICAL CURRENTS 

The dimensions and basic  parameters of the  br idges 
s tud ied   a r e   l i s t ed   i n   Tab le  11. The parameter Rd is  
the  minimum d i f f e r e n t i a l   r e s i s t a n c e   a t  t E TITc = 0.99 
(see  below). Comparing the   cha rac t e r i s t i c   l eng ths   i n  
TaGle I: to  the  bridge  dimensions; i t  is  seen  that  a l l  
of the  microbridges  tes ted  in   this   s tudy  were  suff i -  
c i e n t l y  narrow to  be  in  the  uniform-depairing  regime6 
(L,W < S(T))  over a f a i r l y  wide  temperature  range  near 
Tc. The %-In  bridges are in   the  small-br idge  dir ty-  
mater ia l  ~ m i t 6 > 7  (Q <<(&, w>< E(T))  for a range of a t  
least 0.5 K below Tc. The pure  In  films used f o r  
br idges 2-13, S-14, and S-15, have a mean f r ee   pa th  
R = 1450A, determined  from  the  measured  resistance 
r a t i o ,  p295/p'+ = 13.2,  and  the p i  product.* We thus 
f i n d   t h a t  c(0)  = 166011 for   our   In   f i lms,   with 5 t h e  
Ginzburg-Landau coherence  length.  For  both  the Pb-In 
and In  f i lms,   the  Tc and p values are i n  good agreement 
with  bulk  values. 

As  expected,  the  effect   of  boundary  scattering is 
eas i ly   d i scerned   in   the   In   b r idges .  The most dramatic 
case is  br idge S-14. From the  measured res i s tance  
r a t i o  of  the  (bridge+banks),  and  assuming  the  bridge 
res i s tance  = Rd and tha t   t he re  i s  a uniform mean fgee 
path E,, i n   t he   b r idge   r eg ion ,  we f i n d   t h a t  = 70A 9nd 
k(0) = 2701 for   b r idge  S-14. Values of $( 3 ) = 730A 
and 1520A apply  for   br idges S-13 and S-15, respect ively.  
As  seen  in   Fig.  1, t h e   I n   b r i d g e s   i n   f a c t  do not  have a 
uniform  cross  section, and we expec t   tha t   sca t te r ing  
occurs   p r imar i ly   in   the   nar rowes t   reg ion .   S t i l l ,   va lues  
of $, calculated  above  are  a useful  guide.  

Cr i t i ca l   cu r ren t s ,   I c (T) ,  of a l l  the  microbridges 
are   observed  to   be a l i nea r   func t ion  of  temperature 
over a f a i r l y  wide  range  near Tc, as   expected  theoret i -  
 ally.^,^ Ic(T)   for  a narrow  Pb-In  bridge is  shown i n  
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Fig. 2 Ic(T) for  Pbo.91n~.l  bridge S-9. Kulik- 
Omelyanchuk  theory  resul  scaled  to  slope  at 0.9 Tc. 

Fig.  2. The  data  near  Tc  is  linear in (Tc-T),  and at 
lower  temperatures  is  closer  to  the  predictions  of 
Kulik  and  Omelyanchuk7  for  small,  dirty  microbridges  at 
arbitrary  temperatures.  The  deviation  from  linearity 
very  near Tc  of Ic(T) for  the  %-In  bridges,  seen in 
the  inset  of  Fig. 1, is  somewhat  larger  than  the  film 
transition  width  of % 25 mK. For  alloy  films,  such  a 
width  is  indicative  of  good  film  quality.  The Ic(T) 
data  for  the  narrower In bridges  lie  very  close  to  the 
theoretical  results,7  and  no  deviation  from  linearity 
is  seen  near Tc. 

While  the  linear  temperature  dependence  of IC ob- 
served  for  0.75<t<0.95  is in good  agreement  with  the 
small bridge  calculations,6 all the  theories  predict 

X(dIc/dT) = 0.64  mV/K. (1) 

For  R, chosen %, the  minimum  differential E- 
sistance  on  the  finite-voltage  part  of  the V ( 1 )  curve 

minimal  and  the  minimum  differential  resistance  is 
nearly  independent  of  temperature.  The  results  for  the 
product  Rd(dIc/dT)  are  .shown in Fig.  3.  Rd(dIc/dT)  de- 
creases  smoothly  with  decreasing  bridge  cross-section, 
and  is  close  to  the  theoretical  limit  (Eq. (1)) for  the 
bridges  with  the  smallest  normalized  cross-sections 
Wd/<(0)2. In contrast, we find  that  the  product 
Rto (dIc/dT),  where Rtot is  the  total  resistance  of  the 
briige  plus  banks  just  above  Tc,  shows  wide  fluctua- 
tions  which  are  correlated  with  variations in the  bank 
thickness.  We  thus  find  that  Rd  is  the  most  appropri- 
ate  parameter  for  the  bridge  resistance. 

- at t = 0.99. At  this  temperature,  the  Joule  heating  is 

- 4  
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Fig. 3 R(.dI /dT) vs. (normalized  bridge  areafior all 
bridges.  &-In  bridges  all  have  normalized  areas >l. 
Solid  line  is  a  visual  guide  only.  Theory  result  from 
Aslamazov  and  Larkin, Eq. 1. Bridge  thickness d. 

Table I. Film  Material  Parameters 

Material Tc(K) P ( Q  cm) 5(0) a 

7.1 7 x 10-6 250i 

In  3.42 7 x IO-' 1660A 

a. < ( O )  is  for  the  bank  film;  within  the In bridges, 

- 

Pb0.91*o.l 
0 

the  coherence  length $ ( O )  is  smaller. 

For  all  the  Pb-In  bridges  studied,  the  bridge  re- 
sistance,,  Rd,  is 22 times  larger  than  pL/Wd,  the  cal- 
culated  normal-state  resistance  of  the  bridge, %- 
(The  bridge  resistivity  is  equal to that  of  the  bank 
film,  as  the  resistivity  ratios  and Tc values  are  the 
same.) It is  likely  that  Rd > Q because  the  quasi- 
particle  potential  gradient  extends  into  the  banks,' 
and also because  the  superconducting  wavefunction  in 
the  banks  is  partially  depaired  near  the  bridge 
ends. *9 Bridges  which  are  much  thinner  would  avoid 
these  complications. 

IV. I-V  CURVES AND JOULE  HEATING 

V(I) curves  of  typical  microbridges  of  Pb-In  and 
of In are  shown in Fig. 4(a) and (b). Near Tc the 
curves  are  roughly  like  those  of  the  resistively- 
shunted-junction  (RSJ)  model,  though  the  finite-voltage 
section  does  not  extrapolate  to I = 0. In addition, 
significant  structure  is  seen  in  the  dV/dI  curves  (not 
shown). The  structure  is  due in part to cavity-related 
resonances,  and  for  the In bridges,  to  energy-gap-relat- 
ed  interactions  at  voltages V =2A/me,  discussed  later. m 

At  somewhat  lower  temperatures,  a  region  of  con- 
stant  differential  resistance,  or  "foot",  develops  for 
I IC. From  the  systematics of this  feature we be- 
lieve  it  is  due  to  quasiparticle  relaxation  effect^,^ 
as  discussed  by  Octavio  et al.1° and  Schmid  et a1.l' 
For  the In bridges,  both  the  temperature  dependence  of 
the  "foot"  resistance, Rf, and  the  voltage  at  which  it 
terminates  agree  with  the  theoretical  predictions.' 

In the V(I) curves  of  our  very  narrow  Pb-In 
bridges  (S-6, 9, and lo), we find  the  low-voltage  fea- 
ture  shown in Fig.  4(a), which  may  be  interpreted  as  a 
foot.  The  increase  in  differential  resistance  at  the 
end  of  the  foot  occurs at a  voltage  Vf % 100 pV,  in 
reasonable  agreement  with  the  expected  value  of 
80 uV.  However,  Rf  is  equal  to  the  device  resistance 
Rd  at  all  temperatures  where  the  foot  is  observed, in 
contrast  to  the  theoretical  expectation.  Studies  on 
larger,  pure  Pb  microbridges  by  other  workersl0>l1  have 
not  reported  any  low-voltage  foot  feature. 

At the  lowest  temperatures,  hysteresis  in  the V ( I )  
curves  is  observed  for  all  the  %-In  bridges  and In 
bridges,  except  the  highest  resistance In bridge,  S-14, 
shown  in  Fig. 4(b) .  This  bridge  is  non-hysteretic  to 
the  lowest  temperature  studied, 1.4 K. This  is at 
least  partly  due  to  the  three-dimensional  cooling  of 
the  thick  banks.  The  I-V  curves  of  this  bridge  are 
among  the  most  uniform,  over  a  wide  temperature  range, 
of  any  microbridge  discussed  in  the  literature. 

It  is  well  established1 7 1 2  that  hysteresis  of  the 
I-V curve  of  a  microbridge  can  result  from  Joule  heat- 
ing.  For I > IC, a  hot  spot  develops  which  persists 
until  the  current  is  reduced  to Ih < IC. Such  hyster- 
esis  is  undesirable,  as it can  preclude  use  in  most 
analog  applications,  and  can  lead  to  excess  noise.' 

Figure 4(a) illustrates  the  development of hys- 
teresis  in  a  narrow  %-In  microbridge  at low tempera- 
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Table 11. Microbridge  Parameters  and  Performance Data 
- tu res .  Due t o   t h e   f o o t   s t r u c t u r e ,   t h e   h y s t e r e s i s   f i r s t  

appears at  a small f i n i t e   v o l t a g e   r a t h e r   t h a n  a t  LC. 
The hysteresis-free  temperature  range ATno h st is 
l i s t e d   i n   T a b l e  I1 f o r  a l l  br idges  s tudied.  %he series 
of %-In  br idges  c lear ly  shows t h a t  ATno hyst increases  
as the  minimum cross-sect ional  area Wd decreases  (e.g., 
compare S-6 t o  S-7). On t h e   o t h e r  hand,  there is no 
s t rong   co r re l a t ion  between thick  banks and l a r g e  
ATno hy t. (The s ing le   excep t ion   t o   t h i s   ru l e  is 
bridge 8-8 f o r  which D % W.) It must be  that   three-  
dimensional  heat  flow i n   t h e   r e g i o n  = the   b r idge  is 
the  dominant  source of thermal   res is tance when the  
br idge is b i a s e d   j u s t  above its critical current .  

The shunted  bridge S-10 demonstrates  that  a small 
IcR  product  can  be  of  value  in  reducing  Joule  heating 
( i .e . ,   increasing ATno >, at a given  bias   current .  
This  bridge had  values 02 E, and Rd appropr ia te   for  a 
21Q b r i d g e   i n   p a r a l l e l   w i t h  a 14Q  nonsuperconducting 
shunt,  and ATno hyst = 3.9 K. It is  l i k e l y   t h a t  dur- 
i ng   s to rage  a t  room temperature  for a few weeks, a 
s t ress- induced  hi l lock  or   whisker  of I n  formed the  
shunt,  which was nonsuperconducting a t  6-7 K. During 
later tes t ing,   excessive microwave power apparently 
burned  out  the  bridge,  leaving  the  14Q  normal resis- 
t ance   i n t ac t .  While the  reduced IcR product is he lpfu l  
in   reducing  heat ing,  i t  w i l l  a l s o  €ead t o  a degraded 
signal-to-noise  ratio  and  curtailed  frequency  response.  

The In   b r idges  show the  same general   t rend as t h e  
%-In  bridges. The dependence  of ATno hyst on cross- 
s ec t iona l   a r ea  is even  stronger  for  these  bridges,  be- 
cause   the   sca t te r ing   increases   the   b r idge   res i s tance ,  
thus decreasing  the power d i s s i p a t i o n  2, V2/Rd, without 
proport ionately  increasing  the  thermal   res is tance  of  
the  banks.  (Recall  that Vc 5 I c R  i s  roughly  indepen- 
dent of the   b r idge   res i s tance . )  

A more d i r e c t  and quant i ta t ive  probe  of   the  ef-  
f e c t s  o f  Joule   heat ing is provided  by  the  energy-gap- 
related s t r u c t u r e   i n   t h e  dV/dI  curves, a t  vol tages  
Vm = 2A/me. This   s t ruc ture  i s  seen  only  for   the  In  
bridges,   but  not  the  %-In  or  Insg Pb alloy bridges. 
It thus  appears  that   dirty  banks,  3 <'xcs, prohib i t  
the   gap- re la ted   s t ruc ture .  

The gap va lue   i n fe r r ed  from the   th i rd-order  (i.e., 
m=3) or  higher-order  peaks, a l l  of  which  occur at  re la -  
t i v e l y  low vol tages ,  is i n  good agreement  with  the en- 
ergy  gap a t  the  bath  temperature,  computed from 
2A(O) = 3.63 kTc. The f i r s t -  and  second-order  peaks, 
however,  occur a t  lower  voltages  than  those  predicted 
on t h e   b a s i s  of the  bath-temperature  gap.  This  being 
so ,  an  effect ive  temperature  Teff = T + AT 
infer red  from  each  peak of the  gap s t ruc ture .  Tb is b . s g s  may.be 

the  substrate  temperature.   Octavio e t  a1.12 have shown 
t h a t   t h e  gap s t ruc ture   re f lec ts   the   loca l   t empera ture  
a d i s tance  <(Tb) from  the  bridge, so t h a t  

7 
a .  

(700 K 

BRIDGE +S-9 

Pb.sI"0.t 

L 
BIAS CURRENT. I 

b. 

?9In.1 
S-6 600 500 2400 6.4 1.0  1.4 0.16 

S-7 500 750  2400 3.9  0.5  >1.0  0.22 

s-8 700 %700 750 6.9  0.6 >0.7 0.07 

S-9 400 500 1100 8.4 1 . 2  1.5 0.12 

S-loa 400 400 1100 8.4 23.9 >1.0 0.12 

S-11 <300 800 6000 3.6 0.2 0.8 0.15 

- I n  
S-13 2000 400 3500 2.0 1.0 >0.6 0.17 

S-14 2000 ~ 4 0 0  3500 5.1 >2.0 1 . 9  0.21 

S-15 900 1800 3500 0.15 0.3 20.3 0.6 

Notes: Width a t  narrowest  point,  W, is  l i s t e d .  In 
general ,   the   br i ige  thickness ,  d ,  iso: W. Exceptions 
are S-9 (d 2, 300A) and S-15 (d = 800A). Bank thick- 
ness = D. a. Shunted  bridge; see t ex t .  

w i t h  K the   thermal   conduct ivi ty  and Q the   cool ing 
so l id   angle   for   each  bank. Our p l o t s  of AT vs. 
I V /  c(Tb) are roughly  l inear .  However, thesgfope  of 
t h e   p l o t  i m p l i e s  OK ? 1 . 2  x W/cm-K, which is an 
order  of  magnitude smaller than  the  result   expected 
from t h e  Wiedemann-Franz law,  assuming K is  t h a t  of 
the  bank  f i lm and that   s imple  radial   cool ing  occurs .  
The same numerical  discrepancy i s  found f o r   t h e  maximum 
voltage  of microwave-induced s teps ,   d i scussed   la te r .  

V. EFFECTS OF MICROWAVE IRRADIATION 

The V ( I )  curves o f  a l l  of  our  microbridges show 
many constant-voltage  steps  under microwave irradia- 
t ion .  The p l o t s  of s tep  width A I n  vs. microwave am- 
p l i t u d e  are q u a l i t a t i v e l y  similar t o  those  obtained 
from the  RSJ model. However, the  s teps   gradual ly  van- 
i s h   a s   t h e  microwave power becomes la rge .  

The improvement of microwave response  over  that 
of %-In  uniform-thickness  bridges5 is due to   t he   t h i ck  
banks,   which  reduce  the  effects of Joule  heating. The 
parameter Vmax, the  voltage  of  the  highest   observable 
microwave s tep ,  is a measure  of  the microwave response. 
V a t  low temperatures is  l i s t e d   f o r   e a c h   b r i d g e   i n  
T%fe 11. Some of the   bes t   b r idges   were   no t   t es ted  a t  
high enough  microwave power or  low enough temperature 
t o   e s t a b l i s h  Vmax exact ly ,  so a lower bound is  tabula- 
ted. A s  with ATno hyst, Vmax increases  as the  cross- 
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s e c t i o n a l  area, Wd, decreases. However, 
V,, i s  a l s o   s e n s i t i v e   t o   t h e  bank thickness  D. For 
example, compare br idges S-8 and S-9. 

As  the  bath  temperature  is reduced, Vmax increases  
to   a   s a tu ra t ion   l eve l  which  depends i n   p a r t  on  bridge 
cross-section. Vmax f o r   t h e  wide  bridge S-11 reaches 
s a t u r a t i o n  at  t = 0.90,  while VmX f o r   t h e  narrow 
bridge S-6 i s  s t i l l  increas ing   a t   tha t   t empera ture .  
Near Tc, V,, i s  near ly   equal   for   the  two br idges.  

Experimental  values  of Po f o r  T = 0, with Po t h e  
cha rac t e r i s t i c   hea t ing  power introduced by Tinkham e t  
a1.2, a r e   l i s t e d   i n   T a b l e  11. To determine Po(T = 0) ,  
t h e  measured value  of Vmx(t = 0.90)  and t h e  Ginzburg- 
Landau temperature  dependences were used. We estimated 
t h a t  V,, corresponds  to  Ic(P)/Ic(0) = 0.03. The theo- 
r e t i c a l   v a l u e  of Po f o r   t h e  Pbo.gIn0 br idges is 
Po = 1.0 x 10-6W, and for   our  In  br'iages, P0=4. 7x10-6W 
is computed. Clearly,   the  experimentally  obtained 
values  of Po are about  an  order  of  magnitude smaller 
than   the   theore t ica l   p red ic t ions .   This  may occur be- 
cause  the  banks are not   suf f ic ien t ly   th ick   for   th ree-  
dimensional  cooling  in  the  large-heating  regime,  or 
for   the   In   b r idges ,   because   the   banks   a re   d i r t ie r   near  
the  bridge  than  far  from  the  bridge.   Another  possible 
source  of  discrepancy is  tha t   the   theory2  assumes t h a t  
the  temperature   dis t r ibut ion is  t h e  same as i f   t h e  
whole constr ic t ion  (br idge  plus   banks)  were nonsuper- 
conduct ing.   In   fact ,  no power i s  d i s s i p a t e d   i n   t h e  
regions  of  the  banks  which  are  superconducting,  which 
nonetheless  contribute  thermal  resistance.   In  the two 
In   b r idges  S-13 and  14,  the  l imitation  on Vmax due t o  
the  bridge  term2 may a l s o   b e   s i g n i f i c a n t .  Thus, while 
the  clean-dirty-clean  effect   produced by s c a t t e r i n g   i n  
the  br idge does provide  reduced  Joule  heating,  the im- 
provement i n  performance is not   as   g rea t  as one  might 
expect. 

Three  types of microwave-induced  behavior  which 
are not  predicted by the  RSJ model or  simple  Joule 
hea t ing   theor ies  were a lso   observed   in   th i s  work. These 
include microwave-induced  enhancement of the  cr i t ical  
current,   subharmonic  steps  ( i .e. ,   constant-voltage 
s t e p s  a t  V = nhf/2me with m an   i n t ege r ) ,  and microwave- 
induced asymmetry  of the  V(I)  curves,  observed  for a l l  
bridges  tested.   This asymmetry of  the  posit ive  and 
negat ive I - V  curves  displays a number of  reproducible 
and systematic   t rends.  The d e t a i l s  of t h e  asymmetry 
are reproducib le   a f te r  warming t o  room temperature,  but 
are s e n s i t i v e   t o  changes i n   t h e  microwave source ap- 
paratus .  We b e l i e v e   t h a t   t h e  asymmetry i s  art i n t r i n -  
s i c   e f f e c t  which  deserves  further  study. The var ious 
non-RSJ e f f e c t s  are d i s c u s s e d   i n   d e t a i l   i n  Ref.  4. 

To assess   the   re la t ive   per formance  of our  micro- 
br idges,  we  may compare  them to   t he   bes t - case   r e su l t s  
r e   o r t e d   i n   t h e   l i t e r a t u r e ,   f o r  small VTBs of Sn12, 
Pbpl, Nbl 4, and NbNl'. Large  values  of Vmax and 
*Tn h 
Tabfe fa: e.g. S-9 and  14. However, to  simultaneously 
achieve a h igh   res i s tance ,  25 t o   1 0  ohms, it is ne- 
cessary  that   the   br idge  be  very small and  of  a  high- 
r e s i s t i v i t y  material (our  %-In  bridges,  Refs.  14,  151, 
o r   t h a t   s i g n i f i c a n t  boundary s c a t t e r i n g   o c c u r   i n   t h e  
br idge  (our   In   br idges) .  

are achieved  for   these  br idges  and  those  in  

Most of t h e   b r i d g e d l  2, l i k e   o u r s ,   o p e r a t e   ' i n  
the  well-studied  depairing  regime6,  with L < <(T); how- 
ever ,   only  the  ul t rasmall   br idges  discussed  in   this  
work achieve R % lOn.  The mechanisms  of the  Josephson 
e f f ec t   fo r   t he   o the r   h igh - re s i s t ance   b r idges ,  of Nb and 
NbN, involve  granular-superconductor  effects.  These 
granular  mechanisms a re   no t   we l l   s tud ied   t heo re t i ca l ly ,  
though the  devices  appear  to work wet1   in   p rac t ice .  
Indeed,   the   shortest  Nb bridge,  1200A long,  appears  to 

work well a t  Q, $Tc because its IcR  product,  0.3 mV, is 
much smaller   than  the  theoret ical   predict ion  (Ref .   6) .  
An understanding  of  the  behavior of those  devices will 
requi re   fur ther   s tudy .  

vr. CONCLUSIONS 

Xn t h i s  work we have  s tudied  the  propert ies  of 
ultrasmall variable-thickness  microbridges.  These 
br idges  display most of t he   cha rac t e r i s t i c s   des i r ed   fo r  
Josephson  device  appl icat ions:   h igh  e lectr ical  resis- 
tance  and  reasonably  wide  temperature  and  voltage op- 
erat ing  ranges.  A s  the  cross-sect ional  area is re- 
duced, t he   p rope r t i e s  show many of t h e  improvements ex- 
pected,   and  effects  of s ca t t e r ing   w i th in   t he   b r idge  be- 
come ev iden t   i n   t he  smaller In br idges.  We have demon- 
s t r a t ed   t ha t   h igh - re s i s t ance  Pb-based devices ,   wi th  
Tc > 4.2 K, can  be  reliably  fabricated,   and  that   high- 
r e s i s t a n c e   a l l o y s  can b e   u t i l i z e d ,   i f   t h e   r e q u i s i t e  
sub-10008 l i thography i s  accomplished. 

This work s ignif ies   considerable   progress   toward 
the   goa l  of microbr idges   wi th   the   charac te r i s t ics   o f  
high-quality  point  contacts,   and  confirms a number of 
theore t ica l   expec ta t ions .  However, the  microbridges 
we have  produced are no t   ye t   fu l ly   pe r f ec t ed .  Values 
of Po are uniformly  below  the  theoretical   prediction. 
What appears  to  be  required i s  a s ign i f i can t ly   t h inne r  
br idge,  s t i l l  of   high  res is tance,   wi th   c lean,   th ick 
banks.  These  objectives do appear   to   be   a t ta inable  
with advanced l i thographic   techniques  current ly   avai l -  
able. The r e s u l t s  of t h i s  work provide  strong  encour- 
agement fo r   such   e f fo r t s .  
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