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A submillimeter wave source based on a new design using Josephson junction arrays has been 
developed and tested. The maximum rf power, delivered to a 68fi load and detected on chip, was 
47 ,uW at 394 GHz. Significant power was detected at a number of frequencies from 300 to 500 
GHz where the power was 10 ,uW. The observed power at the designed operating frequency near 
400 GHz is consistent with all 500 junctions in the series biased array delivering current in phase 
to the loads. This is in agreement with simulations of smaller arrays of the same design. The 
linewidth, inferred from the measured resistance at the point of maximum power, with T=4.2 K, is 
less than 1 MHz. The minimum inferred linewidth near 400 GHz, at somewhat lower power, is 
about 100 kHz. 

Many submillimeter wave (SMW) frequency applica- 
tions, such as radio astronomy and high speed communica- 
tion, require a compact SMW source capable of delivering rf 
power in the range of lo-100 ,uW. For frequencies above 
300 GHz, the lack of compact sources is particularly serious 
requiring increasingly inefficient multiplication of millimeter 
wave sources. Lately there has been a substantial effort to 
develop Josephson effect sources, which can work to at least 
1 Tl+Iz,‘. for applications in the SMW.2-4 The most promising 
results, recently obtained, have come from three types of 
sources: long single junctions flux tlow oscillators,’ various 
types of two-dimensional arrays of small junctions,3 and one- 
dimensional (1D) small junction arrays,4 discussed here. In 
general a power of about 1 ,uW is obtained from these 
sources, although in many cases the source impedance is less 
than 1 1IZ. The highest rf power previously reported from a 
Josephson effect oscillator has been 7 ,uW at -300 GHz by 
Wan et CZZ.’ using a 1D array. Here we report results from an 
improved design for Josephson SMW sources-distributed 
linear arrays of 500 Josephson- junctions with series dc 
biasing-generating an rf power of 47 PW around 394 GHz 
and 10 ,uW at 500 GHz into an on-chip load of 68 a. 

Small resistively shunted junctions (RSJ), described by 
the RSJ modeL5 are characterized by a critical current I, and 
a shunt resistance R,, and generate a peak rf voltage 
Vd= yV, (V,=lCJ,) with a source impedance 2, at the Jo- 
sephson frequency, f,=483.6 GHz/mV. For bias voltage 
V> V,, y+l, and Z,v-+RJ. The junctions are placed in a 
superconducting microstrip and interact via the rf current, I, 
generated in the microstrip by the Josephson oscillations. For 
properly designed arrays6 the rf voltages across the junctions 
can be made to add in series. This will be true independent of 
the relative polarities, along the microstrip, of the junctions’ 
biases, i.e., the dc voltage can sum to NV, (series bias) or to 
zero (parallel bias). The power from such an array (see Fig. 
1) is then just 

p 
N 

= K CYNY-)‘RL 
2(NRJ+RL)’ * (1) 

Here N is the number of rf series elements in the array, and 

R, is the load impedance seen by the array. ~=l is the ideal 
case, but is in general somewhat less than unity due to losses 
in the coupling structure or imperfect phase alignment of the 
junctions. For 1D arrays [Figs. l(a)-l(c)], N is just the num- 
ber of junctions in the array. For 2D arrays [Fig. l(d)] of the 
types so far reported, the rf current flow is ideally along rows 
of junctions, with the phase of the rf current transverse to this 
flow (i.e., across a column) being constant. Equation (1) can 
then be applied to 2D arrays as well if one replaces N by N,Y ) 
the number of series elements (i.e., columns) in the array and 
R, by R,, the resistance of a series element. The power from 
an array matched to the load, i.e., with N,R,,=R, , is 
PN=(NsV,)‘/8R,, and can in principle be increased just by 
increasing N, while keeping NR, and V, constant. This im- 
plies that I,,=N, and P,=R,I&/8. 

Increasing the source power. therefore, requires increas- 
ing I,, 7 adding together enough series elements to match the 
array impedance to the load and maintaining phase coher- 
ence throughout the array. In practice, there are two essential 
limitations to this increase. First, when I,, becomes greater 
than several milliamps, there exists the potential for flux flow 
instabilities which would dissipate power internally in both 
single junctions and in the columns of 2D arrays. It is not yet 
clear whether there is an advantage to 11) or 2D arrays for 
maximizing I,, while maintaining phase stability. The sec- 
ond problem, common to both 1D and 2D arrays, is that 
when the length of the array becomes an appreciable fraction 
of the wavelength, care must be taken to maintain the proper 
phase relationship between the junction oscillations and the 
rf current throughout the array. This is required so that all 
junctions phase lock in a stable manner and provide current 
to the load with the same phase. Especially for the SMW 
source, this problem must be solved to permit the use of 
enough junctions to obtain power levels much above a mi- 
crowatt. It is this second problem which we address in this 
paper. 

Fully coherent 1D arrays have been demonstrated using 
both a lumped circuit design6 [Fig. l(a)], where the array 
length L <X/10 (A is the wavelength in the microstrip cou- 
pling the junctions), or the so-called quasilumped design 
where the junctions’ spacing is A.” The number of junctions 
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FIG. 1. Some typical structures for Josephson junction arrays: (a) 1D 
lumped array, (b) quasilumped array, (c) distributed array, and (d) 2D array. 
X is the wavelength at the primary operating frequency; Ib is the dc bias 
current. 

in both designs is severely limited in the SMW. A maximum 
of about N=lO can be used in the SMW for lumped arrays 
made with standard fabrication technologies. For quasi- 
lumped arrays, losses in the microstrip coupling the junctions 
as well as the larger array size are limitations. Much denser 
packing can be achieved if the junctions can be distributed 
along the microstrip for a significant fraction of X. Figure 
l(c) shows such a structure where groups of M junctions are 
placed at intervals of X or X/2 along the microstrip. Our 
computer simulation shows that for same N and M arrays 
with X/2 interlump distance has a wider tuning range. 

Distributed arrays (shown in Fig. 2) of 500 junctions 
have been designed, fabricated, and tested for SMW genera- 
tion. Resistively shunted Nb/AlO,/Nb tunnel junctions are 
placed in groups of ten junctions (M=lO) with adjacent 
junctions in the group separated by 10 ,um. Adjacent groups 
are separated by one wavelength at the designed primary 
operating frequency of -390 GHz. Load resistors and Jo- 
sephson junction detectors to measure the rf currents are 
placed at both ends of the array. The arrays were fabricated 
at IBM using planarized all-refractory technology for 
superconductivity7 with high critical current density 
(J,m40-60 kA/cm”) Nb/AlO,/Nb trilayers made at AT&T 
Bell Laboratory. 700 nm of thermally evaporated SiO was 
used as the dielectric between the Nb microstrip and the 300 
nm Nb ground plane, which was placed on top of the array. 
Each load resistor and detector junction has independent dc 
bias leads allowing their parameters to be determined using 
four terminal measurements. R, is measured by suppressing 
the junctions’ critical current with a magnetic field. The ca- 

detector’s 
bias leads 

FIG. 2. Schematics of the N=SOO, M=lO serial biased 1D distributed Jo- 
sephson junction array for SMW generation. 

pacitance of the 6 pm’ junctions, including parasitic capaci- 
tance, is estimated from the geometry and the specific ca- 
pacitance of 46 fF/,um’ to be -290 fF. The parasitic 
inductance L associated with the external shunt resistor is 
0.18 pH estimated from the physical dimensions of the 
shunt. The junctions in the array are biased in series using a 
common dc current. This requires a higher degree of junction 
uniformity, but is important for larger arrays. For example, 
the arrays studied here would have required a bias current of 
over 2 A for parallel bias instead of the 5 mA actually used. 

The coherent rf current generated by the array is mea- 
sured by the detector junctions placed after the lumped resis- 
tor loads. The magnitude of the n = 1 Shapiro steps is used to 
obtain the amplitude of the coherent rf current I, through the 
detector junction and the load resistor by fitting the measured 
IV curve to that of numerical simulations using measured 
junction parameters. For numerical simulations, the detector 
junction has to be described by the resistively inductively 
and capacitively shunted junction model” due to the rather 
large value of LI, . 

Five samples have been completed and tested for SMW 
generation. All delivered more than 20 ,uW of rf power near 
394 GHz to loads of about 65 a. For the sample WllD8, the 
average critical current of the junctions in the array is I,=3.2 
mA and the average junction resistance is R,=0.38 (1. The 
detector junctions have an I,-3.5 mA. and a R,-0.38 il. 
The maximum power from the array occurs at 394 GHz; 
however, significant power is available at a number of fre- 
quencies in the 300-500 GHz range with 10 ,xW of power 
delivered to the loads at 500 GHz. Figure 3 shows the mea- 
sured IV curve of a detector around the n = 1 Shapiro step 
with the array operating at 394 GHz and T=1.9 K. This is 
compared with that of the detector simulation using the mea- 
sured junction parameters and a rf current amplitude from 
the array of I,= 1.18 mA. The measured total load resistance 
is 68 n for this sample giving a rf power, I,“,R,/2-47 pW at 
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P IG . 3. T h e  m e a s u r e d  IV  curve  (sol id  l ine)  a r o u n d  the n  =  1  S h a p i r o  step at 
7 9 8  p V  of the detector  junct ion o n  the s a m p l e  W l lD8  unde r  3 9 4  G H z  
i r radiat ion f rom the ar ray  a n d  the IV  curve  ob ta ined f rom compute r  s imu-  
lat ion (sol id  c i rc les)  us ing  the RICSJ mode l .  T h e  paramete rs  used  for the 
st imulat ion a re  I,=3 .47  m A , C = 2 9 4  B?,  L = O .178 pH, R,=0.377 a, a n d  
I,=  1 .18 m A . This  rf current  ampl i tude  cor responds  to a  power  of 4 7  K W  in  
the load  of 6 8  i-1. 

3 9 4  GHz.  S ince  the total a r ray  resis tance is 1 9 0  IL ( the actual  
junct ions shunt  resistors w e r e  somewha t  greater  than  the de -  
s ign va lues)  the m a x i m u m  avai lab le  p o w e r  f rom this ar ray  
( into a  1 9 0  n  load)  wou ld  b e  6 4  ,uW at 3 9 4  GHz.  

T h e  m e a s u r e d  p o w e r  of -50  P W  at 3 9 4  G H z  compares  
reasonab ly  with the va lue  of 9 6  P W  f rom E q . (l), assuming  
perfect  a l ignment  of the junct ions’ phases  a n d  n o  t ransmis-  
s ion l ine losses (i.e., K =  1). However ,  K  is in  genera l  a lways 
less than  uni ty due .  to imperfect  p h a s e  a l ignment  a n d  the 
losses in  the coup l ing  structure ( in ou r  case,  a  microstr ip 
t ransmiss ion l ine). T h e  m e a s u r e d  va lue  of ~ = 4 7 / 9 6 = 0 . 4 9  at 
3 9 4  G H z  can  b e  ent i rely accoun ted  for by  a  sur face resis- 
tance of 7  m a , assuming  near ly  perfect  p h a s e  a l ignment .  
O u r  compute r  s imulat ions of a n  ar ray  with N = l O O  but  oth-  
e rwise ident ical  in  structure to that m e a s u r e d  i n d e e d  s h o w  a  
neg l ig ib le  p h a s e  sp read  a m o n g  the junct ions. A l though  the 
sur face resis tance of the actual  samp le  has  not  b e e n  m e a -  
sured,  the va lue  in fer red f rom the rf p o w e r  measu remen t  (7  
m flj is consistent  wi th the m e a s u r e d  sur face resis tance at 
abou t  4 0 0  G H z  in Nb /S iO/Nb microstr ip resonators*’ a n d  
compares  favorably  to that ob ta ined  by  Cuco lo  e t ~ 1 .‘~  

T h e  second  ma jo r  advan tage  of the phase- locked  ar ray  
source  is that the rad ia t ion l inewidth can  b e  substant ial ly 
r educed  s ince the p h a s e  lock ing suppresses  the f requency  
modu la t ion  of the ar ray  d u e  to the r a n d o m  no ise  sources  
assoc ia ted with the junct ion shunt  resistors. T h e  l inewidth of 
a  ser ies ar ray  of N  ident ical  Josephson  junct ions is approx i -  
m a tely g iven  by6,‘2 1 3  

A f-(2)’ (2)  $  [ 1+2a”x coth(x)], 

h f 
X = m ’ 

w h e r e  k, is Bo l t zmann’s constant,  h  is P lanck’s constant,  Q . 
is the m a g n e tic f lux quan tum,  R d  is the dynamic  resis tance of 

a n  i ndependen t  junct ion, a n d  ~ ~ 0 .42 is the d o w n  convers ion  
coeff icient. E q u a t ion (2)  requ i res  s o m e  modi f icat ion in  dis-  
t r ibuted arrays,  s ince the st rength of the lock ing can  d e p e n d  
o n  the posi t ion of the junct ion. However ,  direct measu re -  
m e n ts of the l inewid th13 in  a  smal l  a r ray  consist ing of two 
g roups  of junct ions separa ted  by  h /2  s h o w  that, wi th in a  
factor of 2-3,  E q . (2)  p rov ides  a  re l iab le  est imate of A f. 
Using  va lues of R, a n d  R, as  the ave rage  over  the array,  the 
impl ied  l inewidth at 3 9 4  G H z  is abou t  7 3 0  kHz at T = 4 . 2  K  
decreas ing  to 4 7 5  kHz at 1 .6  K , w h e r e  x-5.9, so  zero  point  
t luctuat ions dominate .  T h e  va lue  of R, var ies with b ias  cur-  
rent  g iv ing a  m i n i m u m  impl ied  l inewidth of abou t  1 0 0  kHz 
at T = 4 . 2  K  n e a r  3 7 5  G H z  but  wi th a  somewha t  lower  p o w e r  
level.  

In summary ,  5 0 0  junct ion Josephson  effect ar rays us ing  
dc  ser ies b ias  a n d  a  dist r ibuted junct ion layout  h a v e  b e e n  
des igned,  fabr icated, a n d  tested. T h e  m e a s u r e d  m a x i m u m  co-  
heren t  rf p o w e r  coup led  to a  6 8  a  l oad  at 3 9 4  G H z  is 4 7  P W , 
imply ing a n  ava i lab le  p o w e r  of 6 4  p W . A  rf p o w e r  of 1 0  P W  
has  a lso b e e n  m e a s u r e d  at 5 0 0  G H z  f rom the ar ray  oscil lator. 
A t 4 .2  K  the l inewidth n e a r  4 0 0  GHz,  ca lcu lated f rom E q . 
(2)  us ing  the m e a s u r e d  ar ray  parameters ,  is less than  7 3 0  
kHz. 

This work  is suppor ted  in  par t  by  B M D O - IS T  th rough  
the R A D C  a n d  by  O N R , with suppor t  for the samp le  fabri-  
cat ion p rov ided  by  C S E , wh ich  is suppor ted  in  par t  by  
A R P A . W e  grateful ly thank R. E . MiI ler a n d  W . H. Mal l ison 
at A T & T  for p rov id ing  the Nb/A lO/Nb tr i layer film s  a n d  M . 
K e tchen’s g r o u p  at IB M  for fabr icat ing the sample .  W e  a lso 
thank A . W . W o r s h a m  a n d  A . Ja in  for their  va luab le  assis- 
tance a n d  discussion.  

‘R. P . Rober tazz i  a n d  R. A . B u h r m a n ,  IE E E  Trans.  Magn .  M A G 2 5 , 1 3 8 4  
(1989) .  

‘Y . M . Zhang,  D. Wink ler ,  a n d  T. CIaeson,  App l .  Phys.  Lett. 62,  3 1 9 5  
(1993) .  V . P . Koshelets ,  A . V . Shchuk in ,  a n d  S . V . Shi tov,  IE E E  Trans.  
App l .  Supercond .  3, 2 5 2 4  (1993) .  

3S.  P . B e n z  a n d  C. J. Bur roughs ,  App l .  Phys.  Lett. 58,  2 1 6 2  (1991) ;  J. S . 
Mar tens,  A . Pance ,  K . Char ,  L. Lee,  S . Whi te ley,  a n d  V . M . Hietala,  ibid.  
63,  1 6 8 1  (1993) .  

4K.  Wan ,  A . K . Jain,  a n d  J. E . Lukens,  App l .  Phys.  Lett. 54,  1 8 0 5  (1989) .  
‘D. E . McCumber ,  J. App l .  Phys.  39,  2 1 1 3  (1968) ;  W . C. S tewart, App l .  

Phys.  L&t.  12,  2 7 7  (1968) .  
“A . K . Jain,  K . K . L ikharev,  J. E . Lukens,  a n d  J. E . Sauvageau ,  Phys.  Rep.  

109 ,309  (1984) ;  J. E . Lukens,  in  Szrperconduc t ing  Devices,  ed i ted by  S . T. 
Rugg ie ro  a n d  D. A . R u d m a n  (Academic ,  S a n  Diego,  1991) ,  p. 135.  

‘M . B . Ketchen,  D. Pearson ,  A . K le insasser ,  C. -K Hu,  M . Smyth ,  J. Logan,  
K . S tawiasz, M . Jaso,  K . Petr i l lo,  M . Manny ,  S . Basava iah ,  S . Brodsky,  S . 
B . Kap lan ,  W . J. Ga l lagher ,  a n d  M . Bhushan ,  App l .  Phys.  Lett. 59,  2 6 0 9  
(1991) ;  R. E . Mi l ler ,  W . H. Mal l ison,  A . W . K le insasser ,  K . A . Del in,  a n d  
E . M . Macedo ,  App l .  Phys.  Lett. 63,  1 4 2 3  (1993) .  

8S.  Shap i ro ,  Phys.  Rev.  Lett. 11,  8 0  (1963) .  . 
9S.  Han,  A . H. W o r s h a m ,  a n d  J. E . Lukens,  IE E E  Trans.  App l .  Supercond .  

3, 2 4 8 9  (1993) .  
‘“B . Bi ,  K . Wan ,  W . Zhang,  S . Han,  a n d  J. E . Lukens,  IE E E  Trans.  App l .  

Supercond .  1, 1 4 5  (1991) .  
“A  N. Cucolo ,  S . Pace ,  R. VagI io ,  V . Lacquani t i ,  a n d  G . Maru l lo ,  IB E E  

Trans.  Magn .  M A G - 1 7 ,  8 1 2  (1981) .  
t’K . K . L ikharev  a n d  V . K . S e m e n o v ,  J E T P  Lett. 15,  4 4 2  (1972) .  
‘sB.  Bi ,  S . Han,  a n d  J. E . L&ens ,  App l .  Phys.  Lett. 62,  2 7 4 5  (1993) .  

1 4 2 6  Appt .  Phys.  Let, Vol .  64,  No.  11,  1 4  M a r c h  1 9 9 4  H a n  et al. 
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

129.237.46.100 On: Thu, 11 Sep 2014 16:03:36


