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High Power Josephson Effect Sources

Final report on contract # F1962890X0033

The goals of this contract were the development and demonstration of the
technologies needed for submillimeter wave sources. based on arrave of Josephson
jenctions. with power levels above one milliwatt. As a demonstration of this technology
it was planned to build a source with abont 100 uW of power. These goals required

several advances i fabrication technology and design concepts.

High power requires that the 7. of the junctions have a value of tens of
miiiamps. Achieving this while keeping the juncvon size small enongh to avoid flux
flow instabilities requires values of J. approaching 100kA/em®.  Near the start of this
contract we demonstrated rthe ability to fabricate Nb/AlOQ,/Nb trilavers having this
ranee of Js and to use these trilavers as part of a complete civcunit fabrication
technclogy to make sources using parallel biased junctions having power levels in the
L uW range. This work was preseated at the 1990 Applied Superconductivity conference

11 and 1s deseribed in detail in appendix A.

The array design used 1 our sources incorporates the junciions in a long niobium
microstrip. At frequencies approaching the gap. the losses in this microstrip become
significant.  An accurate method of measuring these losses in the submillimeter wave
rauge 1s needed ro measure the loss in Nb aud other potential stripline material as part
of materials fabrication development. Also an accurate measure of the loss is needed in
assessing the operation of the array source in order to compare the measured power
frota the source with that predicted. Such a technique was developed as part of this
contract. Here single junctions were incorporated in series with a microstrip resonator
made of the material whose loss wias to be measured. The junction. which was
resistively shunted, acted as both tbe generator and detector of the submillimeter wave
radiation in the microstrip. The amplitude and frequency of the resonance can be
determined from the perturbation to the junction's I-V curve. This gives both the real
and imaginary parts of the microstrip impedance. These resuits were published in 1991
[2] and appear in detail in appendix B.

I work under previous contracts and that of Ref. [1], junctions of the oscillator
array were placed as wavelength intervals along the microstrip. This “quasi-lumped”

design preserved the correct phase relationship among the junctions to ensure stable in-



phase locking. However, the large amount of microstrip required would be both too
lossy and take up too much space for higher power arrays. As a result of simulations, it
was found that groups of junctions covering about 1/4 wavelength could be placed at
each half wavelength interval. A small “distributed” array based on this design was
fabricated and tested. It showed fully coherent operation, demonstrating that the
concept worked as predicted. These results were presented at the 1992 Applied

Superconductivity Conference [3] and are described in detail in appendix C.

An important feature of any source is its linewidth. Theoretical analysis
indicated that the contemplated high power submillimeter wave sources would have
linewidths of around 10kHz. which is sufficiently narrow for a wide range of
applications. These theories had. however. only been tested in lumped arrays in the
microwave range since the submillimeter wave sources used on-chip detectors. Work
under this contract was therefore carried out to directly measure the linewidth of the
array described above (App. C). Two distributed arravs of 10 junctions each. along
with an SIS mixer. were fabricated on a single chip forming a combined source-receiver.
The mixing product. with an [F of about 10 GHz. was coupled out of the cryostat to a
spectrum anaivzer. The linewidth was measured as a function of temperature from 1.3
to +.2K and found to be within 350% of the theoretical prediction. This result. which
was published :n 1993 [4] and is described in detail in appendix D. gives strong support
to the analvsis used to predict the linewidth anticipated from the proposed high power
arrays.

Arrays with more that 1 mW of power would contain thousands of junctions each
requiring a bias current of tens of milllamps. For the arravs described above. the
junctions were biased in parallel so that. for an N junctions array. the bias current
would be N times the bias current of a single junction. This arrangement was clearly
impractical for verv large arrayvs although it had the advantage of permitting a greater
scatter in the junction parameters 1. e. J_ and R. An important part of this contact
was. therefore, the demonstration that successful operation could be achieved in arrayvs
in which the junctions were biased in series so the total bias current was equal to that of
a single junction. We designed such an array. based on the quasi-lumped design. which
was fabricated at IBM using the newly developed PARTS technology. Since this array
was a small part of a much larger wafer. the values of J. and R were dictated by the
requirements of other circuits and were far from optimal for our sources so that we were
onlv able to design for a power level of 1 uW. The resulting 100 junction array.

however. worked perfectly delivering the 1 uW of power to a 309 load on-chip at

-




300 GHz. This was the first demonstration that the series biased design would in fact
perform as predicted. These results were presented at the 1992 Applied

Superconductivity Conference [5] and are described in detail in appendix E.

The final phase of our work under this contract was to attempt to combine these
various developments to demonstrate a submillimeter wave source with 100 uW of
power. This 500 junction source was designed using the distributed array concept
demonstrated above (App. C). It was also fabricated at IBM using the PARTS process-
-in fact it was the very last circuit fabricated before the line was shut down as part of
the IBM retrenchment. This time. howev °r, we were able to inclide the source as part
of a wafer with design parameter much closer to the ideal. The resulting source again
operated as predicted. A maximum power of 47 uW was delivered to a 68} load on-
chip at 394 GHz with as much as 10uW (still higher than any other report for a
Josephson effect source) observed at 500 GHz. The factor of two difference between the
designed and measured power is accounted for since the actual values of J. and R, for
the fabricated wafer differed somewhat from those expected. Using the measured
junction parame*ers. the observed power demonstrated fully coherent operation of the
source so we declare the test to be a success. Various aspects of this work were
presented at the 1993 Terahertz Technology Conference at UCLA [6) and at the 1993
ISEC in Boulder [7] (appendixes F and G respectively) and have recently been

published in Applied Physics Letters {8]. This work is presented in detail in App. H.

Two Ph. D. theses resulted from work under this contract: “High Frequency
Wave Sources Using Josephson Junction Arrays”™ by Kelin Wan in 1991 and
“Development and Application of Josephson Junctions as Submillimeter Wave Sources”

by Baokang Bi in 1993.
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REFRACTORY SUBMILLIMETER JOSEPHSON EFFECT SOURCES
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ABSTRACT

Niobium Josephson effect array oscllators have been
fabricated and tested. These devices deliver sbout 1 uW of
power, in the submullimeter wave range, to 20=60 () load
resistors. The present upper frequency limut of abount 500 GHs
appears to be set by josses 1o the superconducting mucrostrip.
Data og the submillimeter wave sus{ace impedance of the
wobium microstnp and detasls of the trilaver junction

rocesnng, which gires value of Vg at 2K up to 800 mV, will
preseated.

WTRODUCTION

The interest in sudmullimeter wave generstion using
Josephson junctions zad Josephson junction arTays has
increased in the part few years because of the possbility of
uung them ag local osallators for SIS muxers, 1a
communication, and radio—astropomical cbservation, ote., due
10 the scaraty of other solid stats souzce 1o this {requency

ruée. " A Josephson jupction 13 & volna: control oscillator
(VCC) wth the potential for wmide tunabuity and a {ast taning
rate. Three types of Josephson effect csallsior have bema

demonstirated , samely, the resonant Juxnn osallator ‘. the

fax low osallator ! , aad small juncuon mn.“ The firet
{wo types use long Josephson unctions wrth the juzction
dimermon much I:!lu than the Josephson penetration depth.
In this paper, we focus on the smail juscuoa arrays.

0 overcome the disadvantages of A nagle usction
source, such as low impedance. low cutput power ievel, and
lazge linenndth, an array baving o lasge number (N) of

janetions , all of which are phasedocked, is cnplond.’ The
outpat power jevel of suck an array ieto a matched load
increases as N, while the linewndth of the radiation cmtied
{rom array decressss at leass as 1/N. Ty trees theanaym s
lumped aircmt, all of toe junctions 1a the array should be
placed within about one aghth of & waveleagth. Thus, the
aumber of junctions is limited by the mumimum ¢

betweea jucctions (abous 10 um} to substanuially Jass ¢ the
optimum aumber of juactions. To arcumvent this problem,

the concept of & distnbuted array was mmdncd.“ Here all
juactions are placed one wavelesgih apast 3o that, at the
operating {requency, the array looks like ¢ lumped arcut

Premously H, we have demonstrated that distnbuted arrs!
of Josepbson junctions baviag 40 juactions could deliver 1~
uW of power onto 20-100 1 load resstors 1 the {requency
range of 350 GHz 10 450 GHz. The uvpper Limst was set by the
onset of the large locses 10 ibe lead alloy wpewonducti:d;
mucrostnp. Those arrays were made of Cu—shunted lead alloy
tunsel juncirons and suifered {rom the u.ual problems of

Manuscnpt recaved September 24, 1990,

aon—-uniformity and cyclability characteristic of this
technology. Lo this paper, we report our rocent resaits on
similar arrays with Au-shantad Nb/AlQOz/Nb juuctions ,
along with the fabncation details and charactensucs of the all
refractory Nb/AlO2/Nb junctions. Measurements on the
surface impedance of the niobium films , tring a resonator
driven by a remstively shunted Josephson junction source ,are

NR/AIQZ/Nb TUNNEL JUNCTIONS
L Prepamasion
Junctions were fabricated as outlined below uzing the
very successtul mobinm trisyer technology (with some local
vanauoas) which has boen developec extennvely dunng the
lans devads. 1014

The s7vtem used for the Nb/AIQz/ND depositios in the
preseat <ork consisted of multiple sources inciuding 3 DC

magnetron spattenng gun for Nb depodition and & invertad
cylndrical sputtenng gun for Al depomtioa. The system was
cryopumped, banng 3 base pressure below 2x10°7 Torr. The

samples were mounted on a water cooled, rotating stage which
could be moved over tte vanous sources. The distance
beiween the sample and the targst was spproxuinately § inches.
This rather large spacng was used aiong wth cooling water,
0 ensare the subsirate temperature did sot nse d the
depomtion and also 10 reduce the strens in the Slmy. We found
that preventiag substraie hesting dunag deposition was cuaal
to obiaun Ai ality mactioas.

The NB/AIO2/ND tnlsyer stiuctuse was paiterned by
means of ifi—~if unng 8 PMMA-Al-PMMA tri-ievel mask’
rather than the wore conveationsl method of erching &
uniflormly coatad subscrate. The lift—off method kept the Slm
ures stand, reduqug the stress in the ilm. This was specially
important {or high quality small ares jactions. The tn—level
mask, instead of sungle level mask, pronded & betier tapered
edge profile than the nngle level mask..

Nb/AlQ2/Nb tnlaysr structure vas made
saquental depomtion ia the same chambey. The Nb base

decirods was aboat 1000 A. The Al varied from 10 X 10 400
R . And the Nb conuter dlectrode was about 600 A
Lvaporation rates for mobium sad aluaupur were 7~8 1/001:

and 2.5-3 l/m respectivaly. The innsel barner was formed
by shermal sxidatior of the Al. Severa! means of oxodation,
including lomag oxygen gas controlled by mass flow
controller, oxygon plasms, azd 10 % of Oy muixed with 90 % of
Ary, were tned. It was f: uad thai the partial pressure of
oxygea determipes the oxide thickness if the oxdation me is
kept constant. T¢ vary the entical custent desnty, tbe

pressure of the oxygen was xed a1 § wTorr and the oxdation
time was vaned {rom several minutes up to one douwr. This

Ave cntical currest desmties varying, as shown 1s Fig la,

om several hundred to about 30 kA/cm3, where the gap
voltage of the junction was reduced 10 sbout 2.8 mV

MR- w444/ 1/0300-1339301 U0 © 1M1 EEE
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Pig.1 (a) J. vs. axidation time, iy, the insert shows the
vanation of Ve with 1g;; (b) ]V charactenstic of a high
quabity junction with V=800 mV; the insert shows the
1=V charactenstic of yunction with high eritical current
density showing the gap valtage above 2.5 mV.

The patiern of the junction counter electrode was defined
by electron beam lithograpby using & mngle layer PAIAMfA mask

with a thickness from 5000 £ 10 1 un , depending on the gise
of the yunction needed. The sampie was etched by resctive
son etchung (RIE) with CF gas muxed with 15 % of axygen.

1200 K cf Si0 was then deposited through the same mask to
form an insulating layer, 1solating the counter electrode.
Dunng the SiO depositior, the samples were tilted about 20
degrees and rotated so that the edges of the junction counter
electrode could be fully covered and a uniformn SiO layer
formed. A mobium wiring layer was deposted at the same
rate as the Nb for the trilayer. Before the winng depomtion,
the surface of the counter electrode was cleaned by & RF Ary
plasma for 5—7 minutes 10 remove the Nb oxide.

2.Charactenzayiop

The 1=V charactenstics of the Nb/AJOz/Nb junctions show
that the junctions can be of high quabty incloding higk V,,
high gap voliage, and a narrow gap transiuon widtk  Fig.1b
show; the J-V curve of & junction with the optimuged

fabncation parameter umng 15 X A and axdation tume of 30
mpuies Thiy gave 3 V, of about 800 mV and J. of 1500
Ajec?at 2 K The insert of Fig.1b shows the ]~V curve fora
Junction witk high entical current density (40 kA /am?).
Altbough the yuncuion has large subgap leakage, sts gap is stil
above 2.5 mV' Junciionr with hugh cnitscal current density are
most desirable for Josephson efiect oscillators, while the
leakage 15 001 1mporiant mnce the junctions are 4o be
res:suvelr shunied 1o any case

Althougt severa! tems of & of Al were peneraliv used to
take sure ihe niobium surlace was well covered by Al 1t had

been shows by X~ray photoermussion speciroscopy " , and
1

anodization spectroscopy , that only part of the Al, 1e.,

about §—-10 X, 18 oxidized. The extra layer of unoxidized Al

Can cause a reduction in the junction qulny."m To examine

this, the thickness of A} was vaned sysiematically and the
dependence of the junction quabity, V., on the thickness of Al
was measured Sl-'xg. 2) The junction quality, as measured
both by V, and the ¢ ness of the gap, is a maxmum for 15

Kof Al, decreasing steadily for both greater and lesser
thicknesses. These results are consistent with those obtained

by Buggins and Gurvitch.”

800 800
® oxygen pressure: $ mTorr.
oxidation tame 30 min.
=~ 600 D 1600
o>
E <
N E <
>E <
300 t 1300
. o)
ol
1T e °
= ] &
0 80 160 240 320

d, (A)

Fig.2. Depeundence of the junction quality parameter, V,,
and the transition width of the gap, AV measured at 2K,
on the A} thickness.

For use in Josephson junction arrsy osciliators, the

3
Junctions are required 10 have a small 8, (A=2¢CLR;/$:) and
an J—V characteristic that is non hysterestic. This was

schieved using a gold shunt resistor aith a 20 10 50 Lo
underlayer for adhesion, as shown schematically i Fig.3a

(a)
900
COUVALENT CIRCUTT /
‘ & e
600 1L TI_ c %n
B
>
3oc 7
(b)
0 ’ J
¢ 350 700 1050 140:
Vs

Pg.3. (1) Schematic of the Av—shunted Nb/A1Oz/Nb
qunction; (b) I-V curve of the Au-saucted Nb Junction,
the insert 1s the equivalent orewt of the Junction.




Typically, 300 £ of Au was useq, gving a resstance about 1 %1
per square. Fig.3b also %va the [-\' coaractenstics of the
Au-shunted Nb/AlOz/Nb junciion along with iis equivalent
crcuit.

The junctions used in the subnullimeter wave generator
are 2x3 um? shunted by an approxamately 2 uam long registor.
The critical currents of the junctions vary from 0.5 mA to
mA. The specific capacitance , ¢, of the junctions was
determined from the zero field step (ZFS), giving ¢ ¥ 40
{P/um?. The inductance of the junction shuzrt renstor loop was
estimated to be about L = 0.1 pH. These parameters are small
enough for stable operation of the subnullimetor wave

generator (i.e., Se, gf-zrmc/%( <1}

The demgn of Nb/AIOz/Nb munction array, shown
schematically in Fig. 4a, is sumular to that of the lead alloy
junction arrays , which were discussed in detail in our previons

vmb." Becanse of the non—ymiformuty of the junctiaa
cntical current and the shunt remistance ( about 10%), a
el bisming scheme , which compensates, to the first order,

this vanation, was still used . All of the junctions are
spaced to be one waveleagih apart (about 350 um) at 3530 GHa.
A renistor (about 20 (2) is placed at one end of the armay to
nimuiate the load. The rfcurrent ﬂemni;hmugh the load
resistor is monstored by a detector Josephson junction placed
as one end of the load resistor. The array and load are rf
grounded by using a quarter~wavelength mucrostnp. Direct
grounding (microstnp line shorted to the ground plane) has
also beea tned with similar results.

delector junction —— ! = load remistor
=

——— e
—— — ——————.
= e
e bl
<
e —
—
(‘) '/‘ wove uu"o'-:;/ ————— V'o‘;?.ﬁém junclions
1.5
PR ———
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~ 1o} “ .
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Fig.4.(a) Schematic of the pasailel biased distnboted
arrey. The nunctions (x1 are placed at 250 um intervals
along the serpentine microstnn. The load resistor and
detector junction are shown o the upper 'eft The dashed
Lnes show the extent of the ground place under the
microstnp. (b) Power vs requency. the insert s the
expannion near 260 Gllz. -howing 3 priadicaty of about
4.5 GHas,

kx4

The cntical current and the shuntad remistance of the
junctions used for these arrays were 0.5~1 mA aad 0.5t0 0.7
(1, respectively, giving the I.R: product of about 500 4V, and
B<<l, the [-V curve of the array is non hysteresuc. The
arrays omng Nb/AIOz/Nb junctions generally operais over a
much wider frequency range, from 100 GHx to ahove 500 GHz,
and exhibited increased cyclibility and parameter unifonmuity.
The arrays can deliver 3 power of about 1 uW to 2060 )
load resisiors as seen in Fig. 4b, sko the power to the load
vs. frequency as the array bias is van The power level was
determuined by using the Josephson muction detector by
mmgsm amplitude of the first Shapiro nep.” The
i of Fig. 4b abows the detals of this power variation nesr
280 GHs. One can see that the power vanes with a penodiaty
of sbout 4.5 GHs which corresponds to ¢/2L, where ¢ and 4 are
the phase veloaty and the total length of the array. As can be
seen, appreciable power is obtained from the array, act only at
designed frequency ve and vo/2 , (where the junchons are
spaced by A and /2, respectively) but also over 3 wide range
of frequencies satisfying f, = n ¢/24 (nanin ). A theo
for this broad baed operw’onhuyet(tobevo‘:ﬁ!dout. 7

We bave oot yet made a direct measurement of the
linewndth of the radiauon from this array. The RSJ analysis,
which agrees within a factor of two with the measnred

linewidth for parallel arrays in the microwave range u. was

used to estimate the linewdth, for these submullimeter arrays.

The linewndth of the radiation at vq is thus estumated to be 60

KHs at 2 K, and 130 KHz at 4.2 K, respectiveiy from the

:e:j.lured differential remstance based on this lumped aremt
yns.

L
)

(i SURSTRATE

Fig.5. Schematic of the resonator driven by a Josephson
janction source as used for surface unpedance
meagurements.

SURFACE J, N

In order t5 measure the phase veloaty and loss of thy
superconducting, microstnp 1a the suboullimeter wave range, s
mcrostnp rescaator which uses a Josepheon junction as both
the source ansi detector has been developed. The schemasic of
this resonatnr is shown in Fig.5. Our approach differs

somewhas from previous measurements " "o{ this type in that
a reastively shunted janction has been nsed in the resonator.
In the absence of rf currents flowing 1n the resonatnr, the 1=V
curve of the runction is given anaiytucally by the well known
RSJ model. The bias leads, which are placed next to the
junction acy as a high impedance transmusoon line, which if
properiy ierom, omply causes & thght shift 1n the shunt
resistance.

The rfcorrents which low in the microstrip whea the
wavelcngth A = 2 4 where is the lengih of the resonator, act
as 8 perturbation on the RSJ solution. The juncion’s
charactensti: frequency, given by ite [ Ry product, s selected
10 be near or below the iequencies of interest. For these
conditions, the well established perturhation apr  r~h agrees
very well with direct compoter umaulations. The juaction’s
response 1 thus well charactenzed and easy 10 analyie. The
muxng of Josephson osallations in the junction with . ne rf
uCTosL P curTentd prodoced a shuft in the bias current
requred for a gven opersting {requency or voltage. This shuft
6118 pven by 4/ = const RL(I/% where Z is \.- rf loop
imperdance of the strocture showe ;o Fig 5 Thus ihe wilerence
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betweer the junction’'s bias currents with and without the
MICTOSLNp resonance 16 Just 3 resonant peak as shown 1 Fig €
Here the data with the best it RSJ background subtrasted are
ghown as points, whiie the best fit 10 the theory i ihe solid
Loe The resonant frequency (194 GHz) pves the phase velocity

45 v
aar k3
o 0
A= {7 ! - i
o ! . 4
R [
% ]
‘<: 251 % ilwal -nf .
= *a
-— - - 3
=< 15 « 1
o L)
g [\
5t . ;N
T Pmcwisa?
-5

340 360 3BC 400 420 440 460
V(av)

Fig.6. Detall of resonance peak £/ (m ) with the best
theoretscal fit (— ), the insert is the I~V crrve of the
Janzuon in the resonator.

Vp-O.u:n and the Q (= 50) gives the Joss in the microstrip. For

the microstnp dumensxions of 300 san long by 10 s wide, thus
Q unples a surface resistance of 3 () for the hne a1 42K

CONCLUSION

We bave discussed the fabricstion and characterisatian
¢l Nb/AlOz/Nb juncuons having Vy of up to 800mV at 2K
Arrays uung Nb/Al1Oz/Nb junciions have been fabnested end
sested These arrays, which delivered about 1 uW of power to
20=60 0 load remstors operated over a wide frequency range,
from 100 GBr 10 500 GHz, and exhibited unproved cyclibality
and parasmeter uniformity compared 1o arrays nsing Jead alloy
yuoctions The surface impedance 1p the submilumetor wave
r.oge was measured using A InICTOSINp reconator driver by s
Jusepluon juncuon, pnng R‘ sSmiia
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Josephson-Junction Driven Submillimeter
Wave Microstrip Resonator

Baokang Bi, K. Wan, Wenxing Zhang, Siyuan Han. and James E. Lukens

Abstract— A microstrip resonator driven by a resistively
skunted Josephson junction has been used for submillimeter
wave surface resistance measurements to about 400 GHz. A
simple, analytical analysis of the resonator induced structure in
the junction's /- characteristic gives the resonator surface
resistance in the range of 2-160 mQ with an accuracy of better
than 30%.

1. INTRODUCTION

HE DEVELOPMENT of thin film devices in the submil-
limeter wave range has become an active research area.
leading to he need to understand the physical propertes,
such as the surface resistance and of matenals in this fre-
quency range. Below about 200 GHz, resonant cavities cou-
pled to solid state (e.g., Gunn) oscillators are useful for these
measurements, while for f =1 THz, infrared techniques
become available. For intermediate frequencies, due to the
lack of suitable sources, surface resistance measurements
have proven more difficult. One choice for these frequencies
is to use superconducting Josephson junction oscillators. The
Josephson junction is a natural voltage controlled oscillator,
with an oscillation frequency related to ats dec bias voltage by
= 2¢l  h =483 GHz mV_ For typical junctions (e g .
Nb . 'AlO, Nb). oscillations are sustained to over 1 THz.
When coupled 10 a resonant structure, the Josephson junction
radiates 1nto the resonator, while the resonator current inter-
acts with the junction The results of this interaction are
reflected in the junction dc J-V curve, which camies the
informanion abeut the resonator. This phenomenon has been
studied theoretically by, e.g.. Likharev [1}

There are two useful systems, distinguished by the mode
of coupling 1o the resonator The first one, which has been
widely used. consists of a weakly damped SIS junction
coupled to a parallel type of resonator This system has been
used to improve the impedance matching of SIS mixers [2]
and to measure the phase velocities of dielecine materials
(3], [4]. The second system 1s made of a highly damped
Josephson junction coupled to a series type of resonator The
resonances in this latter system have been experimentally
demonstrated by using point contact [5] and microbnidge [6)
juncrions.

in this paper, we report work on developing a resistively
shunted Josephson juncuion (RS)) dnven subnulhimeter wave

Manuscnpt recened Juby 1101991 This work was supported in pant by
SDIO 0187 through RADC, the Concerium for Superconductng Fleciron
i, the Office of Naval Research. and by DARPA

The authors are with the Depanment of Phyvaics. Suate Univervny of New
York at Stony Brook, Stony Brook, NY 11794

IEFE Log Number 9103793

] NI 91800 (0

microstrip resonator, as shown in Fig. }. This enables us to
measure both the surface resistance R, defined as the resis-
tance per square, and the relative dielectric constant ¢, in this
frequency range. The interaction of the RSJ with the res-
onator shows up as a bump (see Fig. 2(c)) on the smooth
I-V curve of the unperturbed junction and can easily be
calculated by using either numerical analysis or perturbation
analysis [7) starting from the analytical RSJ /- V curve. The
resonance due to the coupling between the RSJ and the
resonator has two main features. The first feature is the
center resonant frequency, which depends on the dielectric
matenial used. The second one is the resonant width or @
factor, which is related to the loss in the system. By using the
RSJ as both the submillimeter wave source and the detector,
both of thest two features can be readily obtained from the
junctions’s dc I-V curve. Therefore. the values of R, and
¢, can be extracted. Other advantages of using the RSJ, such
as a smooth /-1 background curve and continuously tunable
operating frequency are also important considerations for its
choice.

II DeviCeE PREPARATION

Fig. 1 shows the structure of the microstrip resonator. A
patterned ground plane is deposited first. The supporung S10
dielectric 1s then thermally evaporated in a chamber with
base pressure in the 107 T torr range. Finaily, the microstrip
transrmssion hine with the RSJ at uts center 1s fabricated. The
microstrip transmission line. the 510 dielectric layer. and the
ground plane form an open ended microstrip resonator. The
materials used for making the resonator are indicated by the
notaton MS ‘S10 GP. Typically, the thickness of $H10 dielec-
tnc d is 700 nm, and the width of microstrip w 1s 10 um.
The length of resonator ! is determined by the desired
frequency and the phase velocity in the dielectric, for exam-
ple. / = 200 gm for a 300-GHz fundamental resonance with
thermally evaporated $i0 dielectnic. The R8J's used here are
mainly Au shunted Nb, AlO, /Nb junctions, using
Nb, AlO, ‘Nb trilayer technology, as given in [8]. Pb-alloy
junctions are also used occasionally and are described in [9).

One impontant design parameter of the RSJ 1s its I R,
product, where 7 is the critical current and R is the shunt
resistance The spectrum of Josephson oscillations is nch in
higher order harmonics |7) when the bias voliage 15 low
(V< I, R} To ensure monochromane Josephson oscilla-
non, I(R/ should be smaller then the designed resonant
frequency, I R < hf, ‘2e. On the other hand, the junction
reastance R should be hept small for the purposes of both
reducing the resondtor Joss and suppressing the subgap struc:
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Fig 1 Structure of mucrostrip resonator RSJ 1s locaed at the center of
mucrostnp /- ¥ curve 1s taken by using 4-termunal measurements

LA

/

i

Fig 2. (a) Equivalent electnical circun for a juncuon coupled to a res-
onator R-L-C senes resonant circuil 15 used to simulate the mucrosinp
resonator for theoretscal calculauon (b) High frequency equivalent circuit of
(a) RSJ 1s nwdeled as a2 RF oscillator with iniemal source resistance R,
The oscillator preduces a RF current /4 in the loop. (c) Companson of
calculated results from numencal analysis (solid line) and perrurbauon
theory (solid square). Unperturbed /- V cane idash hine) is*defined as
background /- ¥ curve The bump (nthe /- ¥ curve 1s due 1o the interaction
with the resonator

ture, which is essential 10 obtaining a smooth background
I-V curve. The ground plane is only about 10 um wider
than the microstrip, so that the bias leads, placed close to the
RSJ, can come off the ground plane immediately. This re-
duces the RF leakage through the de bias leads to a mini-
mum. Table ! summarizes the imponant dimensions and
fabricaiion conditions of the materials used for making the
microstrip resonators.

H]. ANaLYSIS

The microstrip resonator is characterized by the attenua-
tion constant a, the wave number 8, and the characteristic
impedance Z, which is determined by unit length inductance
L and capacitance C of the microstrip transmission line,
Z, = (L/C)'®. The resonator has length / and width w.
The thickness of the dielectric is d. Fig. 2(2) shows the
equivalent electrical circuit for a RSJ coupled to a resor ator.
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TABLE |
Faamicanon Conpmions anp Puysical Paramerers of Maremats Testeo

Mawenals  Preparation  Tuckness (nm) 2A(mV)* o(0 'm~")ard4 2K
Cu ¢-beam 150 - 39 x 10*
Au ¢-bcam 100 C = 88 x 10
Nb DC spunered 300 ~26 2810 (a1 1OK)
1 mtorr Ar

a3 measured by using SIS runnel junctions

For simplicity in numerical simulation, the microstrip res-
onator is replaced with a R,-L,-C, series resonant circuit,
where R, = alZ, represents the total loss in the microstrip
resonator, and L, = IL /2 and C, = 2IC/ x? are the equiva-
lent inductance and capacitance for the resonator shown in
Fig. 1 at the fundamenial resonance. The effect of junction
shunt capacitauce is neglcted for our sa.aples, since §, =
2el R:C,/h < 0.02. Fig. 2(b) shows the high frequency
equivalent circuit [7], where the junction is modeled by a RF
oscillator with internal source resistance R,. The behavior of
this RSJ, when coupled to a resonator, can be analyzed in
two ways. The fundamental method is by the numerical
solution of the set of differential equations describing the
circuit. In normalized units, i = I/ I,, v=V/I R, 1=
2el.R,t/h, these can be written, for the electncal circuit
shown in Fig. 2(a), as

iy = i,(7) + iy(7) (1)
ii(r) = ¢(1) + sinp(7) (2)
é(1) = iy(r)r, + B,1,(7) + BLiy(7) (3)

where i, is the dc bias current, i,(7) is the current flowing
through the junction, i,(7) is the current in the resonator
branch, and ¢(7) = u(r) is the voltage across the junction.
r,= R,/R; is the normalized resistance of the resonant
circuit. The capacitance C, and the inductance L, of reso-
nant circuit are included in the parameters 8, =
2el RXC,/h and B, = 2el,,, /h. Equation (2) is the dy-
namic equation for a resistively shunted junction [1], and (3)
is the differential equarion for the resonant circuit. Equations
(1)-(3) are coupled equations and, in general, can only be
solved numerically. By taking the time average of u(7), the
dc - 17 curve of the junction is obtained. An alternaiive and
more instructive method for understanding the b~havior of
the RSJ is penturbation theory {7]. In this theory, the interac-
tions between the RSJ and extemmal radiation are considered
as a perturbation to the RSJ J-V curve, which is given
analytically by the well-known RSJ model {1]. When biased
near the resonance, the jurction oscillation produces a RF
current J,, in the resonator (see Fig. 2(b)). This RF current
in turn mixes with the junction oscillation. The results of this
interaction, following from the perturbation theory, are re-
flected as an effective dc offset i, in the bias current

im(v) = yvmy(v) 4)

where v, = V,_/I.R, is the normalized magnitude of
Josephson oscillation, ¥ is the down conversion cocficient of
mixing, and y(v) = R, Re(1/Z) is the real part of normai-
ized adminance for the loop shown in Fig. 2(b). The offset
current i, has been normalized to /.. Within the resonant
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width, both v and v,, can be treated as constants. When the
junction frequency is swept across the resonance, 7, — v has
a universal Lorentzian resonant shape with its { determined
only by the loop admintance. The dc 7-V curve is, therefore:

i(v) = 1*(v) = iniv). (s)

The first term on the right side “(v) = {1 + v%)' ? is the
unperturbed RSJ 7-V curve, which we call the background
I-V curve. The second term on the right side is the perturba-
tve term. J-V curves for identical parameters have been
calculated by using both (1)-(3) and (5). As zan be seen in
Fig. 2(c), the results from these two approaches agree well
with each other. Perturbation theory, however, provides
simple analytical results for the structure induced on the [-V
curve by the resonator, simplifying the data analysis.

For the resonator used, an open ended miciosirip transmis-
sion line with a junction placed at the center, the loop
impedance seen by the oscillator is the sum of source
impedance and the transmission line impedance:

Z=R,+220colh(51(a+i6)) (6)

where Z,. the characteristic impedance of microstrip line,
can be calculated using the equation given by [10]. At
resonance, the imaginary part of (6) vanishes, which gives
resonant frequencies

2n-1) t'p(fef,)

S, = 5 T n=1.2, M
where / has been taken as the physical length of the resonator
since the correcticns due to the open ends are calculated to be
0.1%. v,(¢.q) is the phase velocity. the formulation of which
is given in [10] for superconducting microstrip lines. ¢.q
is the effective dielectric constant and 1s related to the rela-
tive dielectric constant €, by ¢4 = (1/2)e, + 1) +
(/2s, = DA+ 12d/w) ' ?[11). The effect of microstrip
dispersion on ¢, is negligible here. Assuming that there are
no other losses, the surface resistances per square are directly
related to the anenuation constant « [11] by

R, + R, = 2awZ, (8)

where R,,. R,, are the surface resistances of the microstrip
and the ground plane, respectively. The Q of resonance can
be calculated as

x 2,
=R vaiz,
J [}
4 Z,

= e (%)

The last equal sign assumes that R, = R, = R, if the
microstrip and the ground plane are made of the same
malerials.

For data analysis. penurbation theory is used. The reso-
nant pcak is obtained by subtracting the best fitted back-
ground i*(v) from the experimental /- V curve. The attenua-
tion a is then extracted by fiting the resonant peak to (4),

147

where the loop admuttance y(v) is calculated from (6) and
Y, is simply treated as a scaling constant. The surface
resistance follows from (8), assuming that there are no other
sources of loss in the microstrip. .

IV. RescLrs

A typical experimental curve from a Nb SiO Nb resonator
is shown in Fig. 3 with the junction having /. R = 151 .V,
R, =96 mQ. and the ricrostnip having / w = 30 and
Z, = 10 Q. The structure appearing on the /-3 cune in
Fig. 3(a) is due to the resonance from the microstiip res-
onator. Fig. 3(b) is the resonant peak after the background
i“(v) has been removed. The best fit to (4) gives @ = 54,
Jo = 198 GHz, implying R, = 6.1 mQ. The effect of ther-
mal noise is negligible for this resonance. A number of
samples, made of different materials and with different de-
signed resonant frequencizs, have been fabricated and tested.
The surface resistance values cbtained from those experi-
ments at 4. 2K are summarized in Fig. 4(a). For Nb films, the
data were collected from several different resonators made
with different designed frequencies and most likely having a
variation in R, among them. The sohd line is the calculated
surface resistance of the Nb rnicrostrip transmission hine by
using the Martis-Bardeen theory [12]. (13] with a film
thickness of ¢ = 300 nm, o(I10K) = 2.8 -10°0"'m~"', and
24 = 2.6 mV. Presently, the experimental data cover the
frequency range up to 400 GHz. Phase velocities measured
from Nb ‘5i0/Nb microstrip resonators at 4.2 K are plotted
in Fig. 4(b). Within this frequency range, v, is almost
constant. By using the average phase velocity, taking A, =
83 nm [14) and the dielectric thickness d = 700 nm. the
relative dielectric constant for our thermally evaporated SIO
is calculated to be ¢, = 5.55 £ 0.14 which is in good ag-
greement with data published for frequencies under 100 GHz
[15). The solid line in Fig. 4(b) is the phase velocity calcu-
lated by taking €, = 5.55. where the complex conductance
from the Mattis-Bardeen theory is used.

V. Discussions

The surface resistance values obtained from the previous
experiments have been attributed to conductor losses of metal
films forming the microstrip resonators. However, other loss
mechanisms, such as radiation loss and dielectric loss, also
exist in the resonator. Accurate calculation of those losses in
our resonator is very difficult, so only estimations will be
given. The amount of energy radiated from the open enas
depends on the design parameters and operating frequency of
the microstrip resonator. The radiation @ factor for a half
wavelength resonator, such as ours, has been calculated by
Lewin [16). For Z, = 10 @1, f = 200 GHz, d = 700 nm,
and ¢, = 5.55, one has Q, = 13 000. The loss tangent for
SiO in the submillimeter wave range at low temperature is
not known at present. From the available data at 4.2 K and
30 GHz [17]. a value of tand, ~ 10”* should be a reason-
able estimate for tand, at several hundred gigahenz. This
gives Q, = 1/tand, = 1000. By using (9}, the losses from
radiation and the dielectric can be expressed in terms of
surface resistance. Taking //w = 30, then R ,, = 0.04 mQ},
R, =0.5mf. Among R, and R, the diclectric loss R,

11




143 {EFE TRANSACTIONS ON APPLIED SUPERCONDL CTINVITY vOL

Vi)

RINTTRY

(b)

Fig 3. (a) Typical expenmental /- curve showing resonance (b) The
resonant peak (sohd square) from (a) after background is remosed Solid line
1s the best fit to perturbation theony giving Q = 54
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Fig 4. (a) Evracted surface ressstance values of Au (diamond) from
Pb $i0 'Au(i00 nm). Cu (tnangle) from Pb $10:Cu(150 nm), and Nb
(circle) from Nb $:0 Nb(300 nm) a1 4 2K from 50 10 400 GHz Sohid hine is
the surface resistance of Nb mucrostnip at 4 2K with 248 = 2.6 mV, calcu-
lated by using Matus-Bardeen theory. (b} Phase velocities (square) mea-
sured from Nb S0 Nb microstrip resonators at 4.2K from 50 10 400 GHz
Solid line is the phase velocity given by Martis-Bardeen calculation with
¢, = 555 Note smal' cunvature.
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1s the largest. and could be as large as 0 S mQ? With those in
mind, 1t 1s senstble to conclude that the dominant loss in Fig
413) comes from the conductor

The smallest surface resistance thal can be measured by
using thas method 15 limited by the low frequency voltage
noise and by the total :ntermal losses including oscillator
shunt resistance, dielectnc loss, and radiation loss. The total
internal loss should be kept as small as possible By using a
suspended ground plane, dielectric loss could be reduced 1o
minimum. A smaller shunt resistance R < 0 5R, should
also be chosen so that the loss due to the surface resistance
always dominates, as shown in Fig. 3.

The upper bound of the measurable surface resistance 1s
primarily determined by how well 4 broad resonant peak can
be recovered from the background /- V. For the resonators
made of superconducting materials, when the operating fre-
quency f > 24 /h, the surface resistance increases dramati-
cally and the resonance is not detectable. this iimits the
highest usable frequency, to be about 650 GHz, if Nb is used
for the microstrip.

The remaining uncertainties of the suiface resistance data
can be evaluated from known parameters. The uncertairdties
of width Aw/w, and charactenistic impedance Z, are about
5 and 13%, respectively, as estimated from fabrication con-
trol over the mucrostrip parameters. Errors of Aa/a from
data fitting are no more than 5% .n most cases, giving ap
overall uncertainty of deduced surface resistance values of
about 25%.

A final remark on our experimental results is that the
surface resistance values are measured from real devices.
which have gone through a series of fabrication steps. Metal
thin films may have fine grains, stress, and surface layers.
especially for Nb filins. All those factors teud to deteriorate
the RF propenies of thin films. Therefore, the microstrip
resonator described here is not an ideal system for measuring
the intrinsic losses of conducting thin films unless precautions
are taken in preparing and characterizing the thin films, but is
suitable for measuring in situ physical parameters which are
very imponant for designing practical RF devices like phase-
locked submillimeter wave oscillators [7]-[9] and microstnp
transmission lines. Placing the films to be measured on a
suspended ground plane would also alleviate the problems.
Work on this t>chnique is in progress.

V1. ConcLusioNs

In summary, RSJ driven submillimeter wave microstrip
resonators have been developed. The behavior of a RSJ
coupied to the microstrip resonator has been well character-
ized theoretically. The microstrip resonators have been used
to measure the submillimeter surface resistance with an accu-
racy of 25% as well on the dielectric constant up to 400
GHz. This method can be readily extended to a higher
frequency range by using superconductors with a larger gap
energy 2A.
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DISTRIBUTED JOSEPHSON JUNCTION ARRAYS AS LOCAL OSCILLATORS

Baokang Bi. S. Han, J. E. Lukens, and K. Wan*

Department of Physics
SUNY at Stony Brook. Stony Brook. NY 11794

Absiract - The power and linew.dth of the radiation,
pear 250 GHz, of smail distributed Josephson junction
array sources have been measured using a single chip
integrated source and receiver. The one-dimensional
arrass were of a new desien with junctinns placed in 1/4
wavelengrh lumps separated by one half wavelength.
The measured power (= 2uW) and linewidth
(>~ 10MHz) for the 10 junction snurces were in
reasonable agreement with those obtained from computer
simuiations.

I. INTRODUCTION

Over the last decade, Josephson junction arrays have
been demanstrated to be useful for generating radiation
in the millimeter and submillimeter wave ranges(1-4].
The first generation of Josephson junction arrays were
lumped circuits, requiring that the diswibution of
junctions should be within one-eighth of a wave length
at the operating frequency. Such a requirenient limits
the maximum number of junctions that can be accom-
modated, and therefore the maximum available power
level. The “quasi-lumped™[4] array, in which junctions
were placed one wave length apart. was developed to
remove this limitation. Experimental results on quasi-
lumped arrays have demonstrated their ability to deliver
higher output power to a high impedance load.
However, the design of the quasi-lumped array results in
a large structure, which is less compact and, more
importantly, has significant transmission line loss at high
frequency.

In this paper, we report an improved design for one
dimensional Jusephson junction arrays, incorporating the
concepts of both lumped and quasi-lumped arrays. In
this new design, junctions are separated into groups with
an inter-group spacing of half a wave length, see Fig. 1.
This structure approximates that of the quasi-lumped
array. However a group of junctions, which, in principle,
can be distributed over a length up to 1/2 A, replaces
each single junction used in the previous design. This
new array is distributed in nature. The improved design
not orly reduces the internal loss, but also increases the
evailable power density since the total length of the
array is reduced dramatically. The performance of these

Manuscript Received August 24, 1992,
» Present address: Dept. of Phys., Univ. of Dlinocis at Urbana-
Champaign.

distributed arrays is studied here both by computer
simulation and measurement on actual devices.

II. SIMULATION

To optimize the design of the distributed array, we
need to determine the junction position along the
microstrip so that ali the junctions are strongly phase
locked with a nearly constant phase with respect to the
RF current in the miciostrip. A computer simulation
has been carried out to study the behavior of such an
array. The simulation is based on the perturbation
theory[5] of the Resistively Shunted Junction (RSJ). For
a N junction one dimensional array, if the junctions ars
dc biased in series, then the voltage across the mti junc-
tion can be expressed as[3,6]
where I, is the total RF current going through the mth
junction due to all the junctions in the arrays

N )
Iyo= JT ! ¥ k) L cos(r g + O - 64) ()
k=1

and w,. a, and R, are the voltage. the down con-
version coefficient and the dyaamical resistance of the
mth junction respectively in the absence of interactions.
¢, is the rf voltage amplitude generated by the &th junc.
tion. The interactions among junctions are included in
the equation through the complex mutual admittance
¥ With phase 4, The linear comporent of the
phase of each junction is given by #_. For given
operating voltage v = V/ICRJ, junction paranmieters ;.
a and ¢, can be calculated[5).

For an N junction array, Eqs.] and 2 give a set of
2N coupled equations. To study the phase locking
behavior, these 2.V equations must be solved
simultaneously.  Phase locking is achieved once the
voltages f?m across all the junctions become equal. This
locking process can be quite complex in the type of
resonant structure studied here since Y _, can van
rapidly with frequency near the operating point. The
structure, as shown in Fig. 1a, is typical of those studied.
The total length of the array is 400 um long, about one
wave length at an operating frequency f = 300 GH:z
The 20 junctions in the array are separated into two
groups. The inter-junction spacing within each group s
10 um, and the inter-group spacing is 200 ym, or a half
wave length at the designed frequency. The array s

1051-822393%03.00 © 1993 IEEE
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terminated at the right end with a load Z,=30Q. In
the computer simulation, identical RSJs are assumed
with normal resistance R, = 0.5, and I R = 600 4\
The simulation process starts with randomly given initial
phases for all the junctions. The iteration proceeds until
the phase locking condition is achieved. The simulation
results reveal several important features of distributed
arrays.

A. Distributions of vf current and junction phase

The distributions of RF current and the phase
difference Af =6 . (.~ 0, between the junction and
RF current at 320 GHz (I=1.18 A) are shown in Fig. 1b
when all the junctions are phase locked. The horizontal
axis in Fig. 1b reprecents the locations of junctions in the
array. As expected, a strong resonance is establiched.
The magnitude of the rf current follows the profile of a

standing wave. It can be noted that there is an
400 pm
L |
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4 i (a)
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Fig. | (a) The structure of the array. (b) Amplitude of
RF cuvrrent (0) and the phase difference A8 (V).

appreciable RF current (7., = 203 4A) going through the
load, 1.e. a traveling wave component is also present
near the load.

B. Stability of phase locking

The stability of phase lacking is usually measured by
the range in bias current over which phase locking can be
sustained(5]. It has been shown that this stability of
phase locking is related to the phase difference Af
between the junction and the RF current[5]. Once phase
locked, the phase difference is always within 0 and «
with the maximum stability at =/2 and the least

LS

stability at 0 and ». By applying this stability rule, one
can observe from Fig. 1b that the junctions located near
the RF current anti-nodes are the most stable. The
shaded areas indicate the unstable regions where no junc.
tions should be placed. The existence of these less stahle
regions is due to the low RF current amplitude and the
less ideal phase differences both of which reduce tie
locking strength. .

L. INTEGRATED SUBMILLIMETER
WAVE RECEIVER

The above simulation results outline the basic design
rules for the distributed array. Arrays with the same
parameters as those shown in Fig.la have been
fabricated. To evaluate their perforrnance. we performed
both RF power and radiation linewidth measurements.
In order to measure the radiation linewidth in the
submillimeter wave range, we designed a prototype
Integrated Submillimeter Wave Receiver (ISWR)
schematically shown in Fig.2. Here two arrays. a
Josephson effect detector and an SIS mixer are
integrated on a single silicon substrate. One array func-
tions as the local oscillator and pumps the SIS junction.
The other array, weakly coupled, serves as the signal
source. Both arrays have the same design parameters.
The load for these arrays is the SIS mixer with a normal

state resistance R between 20 to 40 Q. As shown in
L
R&J IF
10 SIS Filter
g N o
e = !
N Coupling i

Fig.2 Schematic of Integrated Submillimeter \ae
Receiver.

Fig. 2, the SIS mixer is grounded via a lower imperilance
( ~ 0.50) RSJ junction. The primary function of this
single RSJ is to measure the rf current, therefore the of
power, delivered to the SIS junction from the local
oscillator array. Also included on the chip are an it
filter, a coupler/dc block and a dc bias network. The
characteristic impedance of the microstrip transm.~~inn
line is 20€). The IF signal, coming from micro-trip,
passes through the on-chip IF filter and gees to a 00
SMA connector via a 50 Q coplanar wave guide transi-
tion. These impedances are chosen so that there s a
reasonable impedance match between different sect ons.
However, no effort has been made to optimize them.




In order that the two arrays can be frequency tuned
independently. phase locking should not exist between
them. One function of the small coupling capacitor in
the microstrip is to isolate the two arrays so that the
measured locking range corresponds to only about 10%
of thair frequency difference at the 10 GHz IF frequency.
The required LO power, based on the optimum pumping
power equation from Tucker’s theory(7], is

Pio = heafe¥ 2R (3)
whete . is the LO pumping frequency and R, is the
normal state resistance of the SIS junction. The
dimensionless variable @ = ¢V'| 5/Aw, is 8 measure of the
LO power level. Assuming all the junctions are in phase,
one can estimate the power delivered to the SIS mixer as

P=jxRER) Re “@

where ¢ is the RF voltage generated by each junction.
This 1mplies that a minimum of 6 junctions are needed
for the 110nW required pumping power, assuming

=050 R, =250 and a2 The value of a is
chosen based on the assumption that, the conversion is
on the peak of the first Bessel function J,(a)[7].

The fabricated ISWR is designed to operate around
300 GHz. The RSJ junction area is 2x2 um?, which
requres a current density J. = 30kA/em? for the
desired /.= 1mA. Low inductance (L =¥ 0.1pH) Au
resi<tors are used for resistive shunts. For the SIS mixer,
the . RC product is designed close to 3. With R, =20
00 alt. =4 kA/cm? is necessary for the 1 x 1um?
junction used. Because these current densities are quite
different, two separate Nb/AIO/Nb tri-layers with
different oxidation times were used. The detailed Nb
junction fabrication process can be found in reference 4.
In the qesign, contrary to the simulation, the junctions
in the array are parallel biased in order to compensate
for the non-uniformity of junction parameters. Each 10
junction  msection of the array can be Dbiased
independently.

IV. EXPERIMENTS AND RESULTS

All the experiments wers done in a g-metal and lead
can shielded dewar with the sample immersed directly in
liquid helium. All the junctions/arrays were powered by
batteries with careful filtering. The output power from
the 20 junction LO array was measured, using the SIS
junction biased at 8 mV, where it has a resistance of
262, as the load. The Shapiro step width of the single
RSJ detector junction in series with the SIS junction was
used to determine the RF current through this load.
Figured shows the RF power measured at 1.57K as a
function of LO frequency. The maximum power of 1.8
uW is obtained at the (esigned resonant frequency of
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300 GHz. The dash line is the expected power calculated
by assuming the in-phase operation of all the junctions,
Eq.4. The effect of junction’s shunt inductance on the
RF power measurement is estimated to be less than 13%
at 300 GHz. The data show that the LO array delivered
full power to the load, implying that all the junctions in
the distributed array oscillate coherently and in phase.

The radiatior linewidth is measured by using a double
heterodyne mixing technique. The first mixing is done
on chip using the ISWR. The first IF output, typically
10 to 18 GHz, is then brought out of the He dewar via
semi-rigid coaxial cable. It is mixed with a second
microwave LO giving the second IF at 100 MHz, which
is coupled to the detector through an IF bandpass filter
whose bandwidth varies from 1 MHz to 4 MHz. The |-V
curves of the SIS niixer junction are shewn in Fig. 4.
Curve a is the unpumped SIS junction. The lack of
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Fig.3 Measured R’ power spectrum (0) from 20 junc-
tion LO array delivered to SIS junction biased at
8mV (R,=261) at 1.57K. Dashed line is the
estimated power from Equ. 4.
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Fig.4 1-V curves of SIS with 10 junction LO array off
(a) and on (b, ¢).

apparent supercurrent in these curves is probably due to
the trapped magnetic flux. Traces b and ¢ are the
pumped I-V curves when the local oscillator array was
operating at 210 Glz and 312 GHz respectively. The
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quasi-particle steps can be clearly seen both below and
above the gap voltage. When the ISWR is operating in
the receiver mode for the linewidth measurement, the 20
junction LO array deiivers too much power to the SIS
mixer. To cvi down the pumping power, only 10 junc-
tions are used. 1. seems that the power coupled to the
SIS mixer at 210 GHz is still higher than the optimum
level.

During linewidth measurements, the signal array is
biased at 256 GHz whereas the LO array is biased
at240 GHz. The SIS mixer is biased at the center of the
first quasi-particle step where the maximum response is
expected. The spectrum of the first IF taken at 1.57K is

80
T=1.57K ‘
80 %
3 g
] o ©
T 40 °
¢ e o
8 ;e
20 ¥
1430 16 35 16 40 16 45
F(GHz)

Fig. 5 Radiation spectrum taken at 1.57 K.

shown in Fig.5. At this temperature, the measured
linewidth Af = 10.2 MHz, which is the convolution of
the linewidths froir LO and SIG arrays. is about 50%
larger than the linewidth estimated by assuming that the
noise is entirely due to the Nyquist noise of shunt
resistors. At 4.0 K, the measured linewidth, 23.1 MHz, is
15% larger than that estimated. Both the low frequency
and the down converted high frequency noises are
included in the estimate. A more detailed linewidth
analysis will be published elsewhere.

VII. CONCLUSION:

A single chip receiver and signal source operating near
250 GHz, using Josephsor effect array oscillators and an
SIS mixer has been fabricated and tested. The IF.
coupled off the chip to a room temperature spectrum
analyzer, permitted a direct measurement of the
oscillator linewidth. The arrays were of a new design,
with junction distributed over a substantial part of a
wavelength. The measured power and linewidth were in
good agreement with those obtained from computer
simulations, implying complete in phase locking of the
sources.
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Radiation linewidth of phase-locked distributed array in the submillimeter

wave range
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The radiation hnewidth of s phase-locked distnhuted Josephson junction array source at 250
GHz has been messured as a function of temperature using an integrated submillimeter wave
receiver/source. The measured total linewidth (including signal snd local oscillator arrays,
having 10 junctions each) 1s 10 MHz at 1.6 K. The messured data agree, within 50%
uncerwunty, with the linewidth obtained from computer simulation assuming the Nyquist noise
current spectral density generated by the junction shunt resisrors.

The development of sources based on the phase-locked
arrays of Josephson junctions'? has reached a state where
a useful power level’ (several uW) can be delivered to a
high impedance load (20-6011) in the submilhimeter wave
range. However, measurements of the hinewidth for these
srrays have not been made. Previous measurements of the
radiation linewidth of phase-locked Josephson junction ar-
rays were performed beiween 2 and 20 GHz'* on the
lumped arrays, where the length. /, of the region containing
Junctions was much smaller than the wavelength, A The
theoretically predicted dependencies of the radiation line-
width on the junction dynamic resistance and on the num-
ber of junctions were ouserved. The potentially much more
useful array sources operating in or near the submillimeter
wave range, however, have a distnbuted structure (/54).
In this letter, we report and compare simulations and mea-
surements of the radiation linewidth of phase-locked dis-
tnhuted Josephson junction arrays operating at 250 GHz.

The radiation linewidth of a single resistively shunted
Josephson junction (RSJ) has been well studied,'* and the
predictions were venfied experimentally.®” For a RSJ, the
noise is dominated by the Nyquist noise current generated
by the shunt resistor R, producing a linewidth

V2

2 3 7
Aw:n(—} R4[8;(0) + 2a’S,(wp) ], n
P

where R, is the dynamic resistance of junction at the op-
erating point, a is the down conversion coefficient, Py= A/
2e is the flux quantum, and S,(0) and S,(wy) are the
current noise spectral densities at low frequencies and st
the Josephson frequency wy, respectively, and are given by
the Nyquist formula including zero point fluctuations’

S Ao h A 2
,(w)—-ﬁco( (ir,—r) (2)

For an array with .V junctions, as shown in Fig. 1(a),
there are .¥ noise sources each of which contnbutes to the
linewidth. Therefore the total inewidth for 2 phase-locked
array, assuming these noise sources are incoherent, can be
written as

27435 Appl Phys Lett 62 (22). 31 May 1993
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where the last equal sign holds for identica. junctions. Here
Ry =(®y/2m) (dwy/dl,) is the dynamic resistance of the
kth junction and, in general, is affected by the interactions
of the kth junction with other junctions in the array and
with the circuit, ¢ g., by the «f current /¢ going through the
kih junction. One of the great advantages of phase-locked
arrays s that the oscillation linewidth is considerably nar-
rowed compared to the linewidth of a single junction os-
cillator identical to those in the array. For a lumped array,
the linewidth can be reduced by a factor of N since the
junction's dynamic resistance Ry, can be 1/N of that of a
single junction. In a distributed array, however, this sim-
ple relation may not hold since /4 can vary with position in
the array, so R, must in general be determined by com-
puter simulation.

We have numerically simulated the distribution of the
junctions’ dynamic resistances for the distributed array
structures shown in Figs. 1(a) and 1(b). Ir these arrays,
20 junctions, 1n two groups of 10, are coupled together
through a 20 2 microstnp, which is designed to be one
wavelength 4 long at the intended operating frequency of
300 GHz. As seen in Fig. 1(b), the left end of the trans-
mission line 15 open, and the other end is esther terminated
with a load (upper array), which, in this case, is a
superconductor-insulator-superconductor  (SIS)  mixer
sunction with a normal state resistance of about 30 1, or is
weakly coupied to the mixer (lower array) through 2 ca-
pacitor. The interjunction spacing is 10 um, and the center
to center intergroup spacing is 200 um, i.e., /2. The RSJs
used in the arrays have resistive shunts with a designed
I R=600 uV and R=09 1. With these parameters, the
normalized voltage, ¥// R, is close to unity at the designed
operating frequency. This assures that the radiation from
the RSJ 1s almost monochromatic, and at the same time
the phase locking among junctions is the strongest.

The computer simulation ased to determine R, is
based on a perturbation theory' where the phase-locking rf
current through a junction in the microstrip is treated as a
perturbation to the analytical solution of the RSJ mouel,
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FIG | (a) Structure of distributed Josephson junction array designed to
have a resonance at 300 GHz. The nght end is terminated with a load of
10 £1. (b) Layout of integrated submilimeter wave receiver/source The
signal arrsy (botiom) 1s weakly coupled 1o the SIS mixer The /F is
coupled off the chip and measured by s room-temperature spectrum an-
alyzer For clanty. only the dc bias of one section of the paralle] biased
SIG array »s shown (dashed line).

which is denoted through superscript u. e.g., w“(/). The ff
current [, is related to the junctions’ oscillations through
the frequency dependent admittances® ¥, (w)e™ " The ¥
phase-locking equations for the frequencies of the ;unction
oscillation can be wntten as
21‘_ N
(L)A([i)=w:(l‘) + (a‘;) EI a‘f,”R:‘Ykm(w)

X COS(¥im+Om —04), (4)

where €, 15 the magnitude of the fundamental Josephson
osciflauon, and 8, :s the linear component of the kth junc-
ton's phase. In order 10 calculate the dynamic resistance
R, of individual junctions in the phase-locked array, the
dc voltage change was determined as the bias current
through the Ath junction was varied while holding all other
biases constant. In Fig. 2, the dynamic resistances K,
(sohd squares), together with the rf curtent I (open cir-
cles), are plotted as a function of junction position in the
array operating at a frequency such that the wavelength
A =08/ Ascan be seen, the dynamic resistance varies from
junction to junction, reflecting the distributed nature of
this array. The average of R, =37 mf} is slightly less than
that of R},/N =54 m(] expected from s lumped array due
10 the resonant structure of the array. Also shown in Fig.
2 are the calculated Ry, for both the upper (down solid
trangles) and the lower arrays (up soiid tnangles) when
only the group of 10 junctions nearer the mixer are biased.

To measure the radiation linewidth in the submillime-
ter wave range. we have developed an integrated submilli-
meter wave receiver/source (ISWR/S) .} This contains two
arrays, having the same dimensions as shown in Fig. 1(a),
and one SIS muxer junction, fabricated using Nb/AlO,/Nb
technology. The upper array serves as the local oscitlator
(LO) and pumps the SIS mixer, the other (weakly cou-
pled) serves as the signal source (SIG). All of the junc-
tions were powered by low noise battery operated power

2746 App!. Phys Lett, Vol 62, No. 22, 31 May 1993
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FIG. 2. Calculated junction dynamic resistance as a function of junctior
posiion in the LO array when 20 junctions were used (sohd squares}, and
in the LO array (down sohd tnangles), and in the SIG array (up sohd
tnangles) with only the 10 junctions nearer the muxer operating The rf
current (open circles), when 20 junctions are used, 1s also shown

supplies, which gave a negligible contribution to the line-
width. While the different groups of junctions could be
biased independently, junctions within a group were based
in parallel from a common source through a senes of in-
terlocking dc superconducting quantum interference de-
vice foops'' having a high impedance at w, All voltage
leads were filtered by an 8-ms RC filrer, whereas the high
current bias leads were filtered by 14-ms RC filter.

The power spectral density of the radiation was mea-
sured by using a double heterodyne mixing technique. The
signal from the SIG array, operating at 255 GHz, was
mixed down to an /F =15 GHz by the on chip 'S muxer,
which was pumped by the LO array oscillating at 240
GHz. One reason for selecting this relatively high IF fre-
qQuency was to ensure that the interaction of the two
weakly coupled arrays did not affect their hinewidth. To
obtain the proper power level from the LO array, onlv the
groups of 10 junctions closer to the 8IS mixer were actually
used The IF was counled via coaxial cible out of the cry-
ostat where it was further mixed dowa to 110 MHz and
detected. An isolator, inserted at the top oi the cryostat,
prevented signals and noise from the room-temperature
electronics from couphing back to the sample. The band-
width of the second /F bandpass filter, i MHz for T<2.5
K, and 4 MHz for T>2.5 K, determined the frequency
resolution in the spectrum measurements. The detected
power has, in the worst case, a peak signal to background
noise ratio larger than 3. This background noise was sub-
tracted from the measured spectrum. The sohd circles in
Fig. 3 show the measured total hnewidth (LO array plus
SIG array) as a function of liquid helium bath temperature
from 4010 1.5 K.

In order to accurately calculate the eapected linewidth,
one needs to know the dynamic resistance of each juncuion
as well as the current nose spectrum. Our parailel bras
scheme made it impossible to directly measure the dynamic
resistance of individual junctions. However, the dynamic
resistances of the arrays could be measured and used to
estimate the junctions’ dynamic resistances based on the
simulanon. The dynamic resistance of the LO (SIG) array
vanes from 65 m! (58 mM) at 42 K, to 5 m (40 me)
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including zero poini fluctusnons st Josephson oscillation frequency

at 1.57 K. The linewidths of the individual arrays are then
calculated from Eq. (3) using the calculated values of R,.
shown 1 Fig. 2(b), scaled to give an average equal to the
measured parallel dynam.c ressstance. This introduces an
estimated uncertainty of about 30% for tire calcuiated line-
width. An additional uncertainty in the comparison of the
calculated and measured linewidth is introduced by the
corvolution of the LO and SIG linewidths duning the ou
cnip mixing. The finite linewidth of the LO array affects
the total linewidth through the change of mixer gain,
which is mainly a function of the LO power, within the
linewidth of the LO array. Around the usual applied LO
pumping power level (< the opumum LO pumping
power),’ the mixer conversion gain s roughly proportional
1o the applied LO power.'® Such a relation gives a convo-
luted linewidth equal to the sum of the two linewidths,
assuming Lorentzian line shapes. The nonlinear gain-
power relation of the physical mixer could introduce an
error of about 10% 1n the convoluted linewidth. The sohd

2747 Appl Phys Lett, Vol 62. No 22 31 May 1993

line 1n Fig. 3 shows total linewidth calculated from Egs.
(2) and (3) using these approximations.

Our measured hnewidths from 10 junction distnbuted
arrays sources agree with those expected from the Nyquist
noise due to the junctions’ shunts within the 50% uncer-
tainty of our companison. This indicates that additional
noise sources such as the shot noise of tunnel currents or
coherent rf noise currents coupled via the coaxial cable are
not dominate. The analysis presented can therefore serve as
a guide to the expected linewidths in the much larger ar-
rays being developed as practical submillimeter sources
w?crc. for constant array impedance, one expects Awa 1/
N

This work has been supported in part by SDIO-IST
through the RADC, and in part by the CSE which s sup-
ported in part by DARPA, and by the Office of Naval
Research. The authors would like to thank A. H. Wor-
sham and W. H. Mallison for their helpful discussions dur-
ing the development of ISWR

A K Jun. K K Likhater. ) E Lukens, snd ) E Sauvageau. Phys
Rep 109. 309 (1934)

‘A Davidson, IEEE Trans Magn MAG-17, 103 (1981) ) E Sau.
vageau, A K Jain. and ] E Lukens, Int ] Inf MMW 8 128)
(1987, M J Lewis, D Durand. A D Snuth. and P Hadley tunpub
lished). S P Benz and C ] Burroughs. Appl Phys Lett $8. 2162
(1991

‘B Bi.S Han, J E Lukens, and K Wan, IEEE Trans Appl Super-
conductivity (10 be published), K Wan, B Bi. A K Jan. L. A Fetter,
S Han. W H Maezllison, and J E Lukens. IEEE Trans Magn MAG-
273329 (1991)

‘A K Jan. P M Mankiesich, A M Kadin. R H Ono. andJ E
Lukens, IEEE Trans Magn MAG-17. 99 (1981)

‘R H Koch. D J Van Hashngen, and J Clarke. Phys. Rev Lett 45,
2§32 01980)

"A H Sibver J E Zimmerman, and R A Kamper. Appl Phys Let
11, 208 (1987)

"R H Koch. D J Van Harlingen, and } Clarke. Phys Rev Lett 47.
1216 (1981)

*J E Sauvageau. Ph D thesis, SUNY at Stony Brook, 1987

°J R Tucker and M J Feldman. Rev Mod Phys 87, 1084 1988
"C A Mears. Q Hu. P L Richard. A H Worsham D E Prober. and
AV Raisanen. Appl Phys Lett 572487 (1990)

20
B Han, and Lukens 2747




[EEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 3, NO.1, MARCH 1993

2489

COMPLETE PHASE-LOCKING IN A ONE-DIMENSIONAL SERIES
RIASED JOSEPHSON-JUNCTION ARRAY

Siyuan Han, A. H. Worsham, and J. E. Lukens
Department of Physics
SUNY at Stony Brook
Stony Brook, NY 11794

Abstract — The rf power at ~ 300 GHz coupled to a
52 QO load by a one-dimensional dc series biased
Josephson junction array has been measured using an on-
¢hip Josephson detector. [From the measured ff power
and dc voltage levels we conciude that the 100 junctions
in this 1D array were locked in-phase. The effects of the
finite inductance, associated with the junction’s shunt
resistor, on array’s output power and detector’s current-
voltage characteristics are also discussed.

I. INTRODUCTION

Phas: locked Josephson junction arrays have many
advantages over single junction oscillators as millimeter
and submillimeter sources. Compared to a single
junction of shunt resistance R, and characteristic voltage
V.= I R, where I_is critical current, a one-dimensional
(1D) rf series array of total resistance R, consisting of NV
junctions, each having the same characteristic voltage V,
as that of the single junction, is expected to increase the
if power delivered to a matched load R; = R, by N2
times, and to reduce the radiation linewidth by a factor
of N? while preserving the rapid tuning speed of the
single junction source [1-3]. All of these properties of the
ID array have been experimentally demonstrated
tecently {4-7] in arrays having several tens of junctions.
For example, the rf power delivered to a 60 2 load at
350 GHz was observed to be equal to the maximum
expected power of a completely phase locked array [4].
(Recently published resuits of computer simulations of
ID arrays [8) showing a maximum power far less than
the coherent sum of the powers from the individual
junctions are not applicable to our work, since these
sinulations did not include any phase-locking inter-
actions among the junctions.)

II. EXPERIMENT

For the experimental results referred to above, the
scatter in the junction parameters within the arrays
made it necessary to use a parallel dc bias scheme to
achieve phase locking in these rf series arrays {4,5]. Our
simulations show that, for example, a scatter in I, of
less than =+ 7% is required 10 achieve phase locking with
series dc bissing. Series biasing is never-the-less desirable

Manuscript received August 24, 1992.
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Fig. 1. Schematic of the 100-junction series biased 1D
array (x represents the Josephson junction).

since it requires much lower bias currents (9] and permits
the use of various shunting schemes for line-width
reduction. Here, we report new results on a 1D array of
sertes dc biased junctions which was fabricated at IBM
by the Consortium for Superconducting Electronics
(CSE) using the Planarized All-Refractory Technology
for low-T_ Superconductivity (PARTS) developed by
Ketchen et. al [10]). This new technology produced a
100-junction 1D array with a spread in J_ of about
+3%.

This 100-junction 1D array was designed to test both
the long standing predictions for phase-locking with
seriea bias and whether the current fabrication
technology for Nb based Josephson junctions could
provide adequate junction uniformity for complete phase
locking. As seen in the schematic of the array in Fig. 1.
the junctions are placed at intervals of Ay =370 um
along a 20 2 serpentine microstrip transmission line.
Both ends of the transmission line are terminated by
quarter wave (X,/4) stubs. The detector junction has

1051-8223/93%03.00 © 1993 [EEE
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the same nominal critical current and shunt resistance as
the junctions in the array. For such an array of ideal
resistively shunted junctions operated at [requency
f= vp/AO. where vp is the phase velocity of the
transmission line, the maximum power delivered to a
resistive load R; is

_ (NV )R, )
N =

2(R, + RLP
where R, = N R, if all the junctions are identical. Eq. 1
iy exact omiy for average dec vias voltages of each
junction V.=V, /N> V.

The power delivered to the load R; is measured by
the amplitude of the constant voliiage step in the
detector’s dc current-voltage characteristics (IVC). The
critical current is measured from the IVCs of the array
to be 80 uA at ~ 1.4 K. The total resistance of the
array R, =162 2 is measured from the IVC with the
Josephson current completely suppressed by applying a
n. ignetic field, giving the mean shunt resistance per
junction R; =162 Q. The damping parameter

<= 2xV_R,;C/®, of the junctions is estimated to be
~ (.07, where C is the junction capacitance and
P, = A/%¢ is the flux quantum. The IVC/junction of
the 100 junctions in series and the IVC of the detector
are shown in Fig. 2. These IVCs are nearly identical
showing the very good uniformity in I_ and A; among
all the junctions ( ~ 3%). In Fig. 3 the detector’s IVC,
for the array biased at 62.4 mV, is shown to clearly

800

400}

V{uV)
o

-400 /
-a00
~500 -~300 -100 100 300 500
[ (uA)

Fig. 2. IVCs of the array and the detector. The array's
voltage is shown as the total voltage divided by
the number of junctions (N=100). For clarity,
the detector’'s IVC (dashed line) is shifted
vertically.

display a current step at 624 0.2 4V, e at

Varray/100.  The amplitude of the rf current derived

from the size of the current step (n=1 Shapiro step} is
I.;=93 pA. The value of Ry =52 as determined
from the IVC of the load resistor, thus gives the rf power
delivered to the load resistor as (.22 uW.

7057 )
675 7
,x'//
; ,,’//
1825 — ;
> /
575 | / 1’
ya
y
o
525 - ,
325 350 375 400 425 350
[ (uA)

Fig. 3. Detector junction's IVC with array biased at
Vamw=62.4 mV (solid line) and array off

(dashed line).

The value of I, , =93 uA ic derived using a modified
Resistively Shunted Junction (RSJ) model — Resistjvely-
Inductively and Capacitively Shunted Junction (RICS])

model — for the detector junction which takes into
Shunt resistor
o274 Insulation
A S —— ———
I — - Nb
A 5’/,;'7’/,9,; Ll Nb T 1
7 Nb base electrode \ i
\A]Ox
(a)
Ls R,
r"'mwvj P |
\J/
N
L
LR
C
(b)
Fig. 4 (a) Schematics of a Resistively-Inductively

Capacitively Shunted Junction (RICS])) and (b}
its equivalent circult,




account the finite inductance associated with the external
shunt resistor placed across the tunnel junction.
According to RSJ model the size of the first Shapiro step
{~ 34 pA) requires the detector junction be irradiated
an rf current having 200 gA amplitude, giving the rf
power coupied to the load resistor to be about 1 uW.
However, the existence of the parasitic inductance
associated with the shunt resistor (cf Fig. 4)
substantially increases the fraction of the external rf
current flowing through the tunnel junction when the
frequency f> (R,/L,)/2r. This, in turn, increases the
step amplitude for a given rf amplitude (in the linear
response range). Fig. 5 shows the reiationship between

02 03 G4 05

Islep/lc

ig. 5 Size of n=1 Shapiro step I,,,, vs. applied rf

current amplitude [, , of the I{SJ model (open
triangles) with f@, =48V ., 3. =0.07 and the
RICSJ model (open circles) for J; = 0.22 with
same fand 3., where 3; =2xL,I /¥,

01

F

1., and I, for the two different junction models based
on our numerical simulations. A more detailed analysis
of the RICSJ model will be published elsewhere.

1. DISCUSSION

This measured rf power coupled to the load is more
than twice the value of Py =95nW calculated from
Eq. 1. using independently measured RSJ parameters.
However, Eq. 1 i3 derived under the assumption that the
junctions shunt inductance L, is zero. In our sample,
each junction has an inductance L, ~ 0.9 pH in series
with the shunt resistor (¢f Fig. 4). Taking into account
this inductance, the rf{ power coupled to the load would
be increased to

(2)

1 +¢)2
i P*’{x + /0 + RL/R,SP}

2491

where a=2xfL,/R,. This increase in the rf power
coupled to the load is not hard to understand since the
inductor provides considerable impedance at high
frequencies (27f> R,/L,) hence reducing the rf power
dissipated by the junction’s shunt resistor. In deriving
Eq. 2 we have made the assumption that tunnel
junction’s quasi-particie conductance G, € 1/R;. For
the tunnel junctions in the 1D array this is justified.
According to Eq. 2 the rf power coupled to R; at
~ 300 GHz should increase to 0.12 uW, still much lower
than the observed value.

One of the possible explanations is that when rf
current is close to or greater than the critical current of
the junctions and the struciure is resonanti type. the
perturbation approach and the Inmped circuit
approximation, which leads to Eqs. 1 and 2, is not
adequate. It has been experimentall observed and
confirmed by the numerical simulation that in a 1D
array the rf current through r*he array can be several
times /. due to the strong coupling between series
junctions embedded in a microstrip line and the
resonator structure of the 1D array [1]. This explanation
is supported by the resonant structure observed in the
1D array’s IVC (cf. Fig. 6).

465 T 2
440} e

415¢ e’

I (s1A)

390 e
365 -

240

600 650 700 750

vnrrnv/ 100 (#V)

Fig. 6 Part of the [VC of the array showing the
resonant structures.

While the maximum measured f power is about twice
that predicted (in the approximation used) we have a
high degree of confidence in this result. In pnnaple.
independent of the junction and array rnodel. the totai
power dissipated by all the junctions and the load at dc
and the rf frequency should not exceed the input power
supplied by the de cutreni bias source. As a check, we
carefully measured the input power and the dc power
dissipation and always find sufficient cxcess power o
supply the rf power to the load.
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V. SUMMARY

In summary, we have demonstrated that complete
phase locking has been achieved in a sertes biased ID
array fabricated using PARTS technology. Wihile the
design was restricted to rather low rf power due to the
relatively low critical current density ( ~3 kA/cm?)
which was required for the rest of the devices (e.g. dc
SQUIDs) on the same wafer, the measured ¢f power
coupied to the 52 Q load is 0.22 uW, exceeding the
maximum power expected from the array by pertur-
bation analysis. This observed rf power delivered to the
load, aiong with the excellent agreement between the
bias voltage of the array and the frequency of the
detected radiation, provide strong evidence for complete
in-phase locking of the junctions in this 100 junctions 1D
array with series dc bias.
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High Power Submillimeter Wave Source using

Series Biased Linear Josephson Effect Array
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As millimeter and submillimeter sources, phase-locked array of N
Josephson junctions can overcome many shortcomings of the single junction
source such as low source impedance, low output power, and large linewidth. In
recent years it has been demonstrated that small linear arrays (N < 100) are
capable of delivering several uW power to a load of 10 to 60 2 in the frequency
range of ~ 200 GHz to ~ 00 GHz with linewidth Af/f <5 x 1070 [1-4]. For
many applications one would like to have higher power and narrower linewidth
which can be achieved by increasing the number of junctions deployed in the
array since the output power increase as N? and linewidth decreases as 1 /1\’2 for
arrays having NR;= R, where R; and R, are the junction’s shunt resistance and
the load resistance, respectively. There are two basic designs for the medium size
(N~ 102) and large size (N ~ 103) linear Josephson array: the quasi-lumuped array
and distributed array [4, 5]. In a quasi-lumped array the distance between two
adjacent junctions is A, (wavelength at designed operating frequency). in a
distributed array a group of m junctions are closely packed together and the
distance between two adjacent groups is A, In both types of array the junctions
are embedded in the transmission line structure which provides the long-range
high-frequency electromagnetic couplings between the junctions. This coupling is
essential to achieve mutual phase locking in the linear array. Compared to the
quasi-lumped array, the distributed array requires less space and has smaller
internal rf loss (especially as f, approaches the superconducting gap frequency of
~ 700 GHz for Nb).

The output rf power coupled to a load R; from an linear array of N

junctions can be written as

(YNV)*R,

3(NR,+ R,)’ (1)

PN=

25




when the source impedance matches to the load Eq. (1) becomes

12
PN=%L 2)

where V.= I R, is the characteristic frequency of the junction, I, is the critical
current of the junction. 4 depends on the dc bias voltage and is usually less than
unity.

We have designed medium size (N=3500) distributed array (m = 10)
oscillators for operation around 400 GHz. Each resistively shunted Nb/AlO/Nb
tunnel junction is 5.2 um? in size and has designed parameters of I, =1.4 mA
(Je =27000 A/cm?) and R;=0..5 Q which give V.= 0.7 mV, ¢ =2V R ;C /%,
=~ 0.25 and fp = 2rf.Ly/®y~ 0.8, where C; and L4 are the shunt capacitance of
the junction and the parasitic inductance associated with the shunt resistor,
respectively. & is the flux quantum. The total length of the array is about 50 Ag
(at ~ 400 GHz). The Nb microstrip line is 250 nm thick and 8 um wide with 670
nm thermally evaporated SiQ between the microstrip line and the 340 nm thick
Nb ground plane. This gives Z; >~ 12 Q. The designed output power to the 50 2
load is about 100 W around 400 GHz.

The Nb/AlO/Nb trilayer films were made at AT&T Bell Laboratory and
the arrays were fabricated at IBM using the PARTS process developed by
Ketchen et. al [6]. The measured parameters of a typical single junction from
wafer #8 are [, =25 mA, R;=0.56 Q and V,=14 mV at 42 K. This
corresponding to a Jc of about 50000 A/cm2 which is about twice of the designed
value. This results in a value of 3. ~ 0.56 and 3, ~ 1.6 which are quite far away
from the designed value and unfavorable for phase-locking. The measured load

resistance is 62 ().

The output rf power to the load resistor has been measured using the on-
chip Josephson junction detectors. The amplitude of the rf current through the
detector junction is estimatea by ~omparing the size of the first Shapiro step and
the suppression of the critical current to those obtained from the numerical
simulations using measured V,, I, and R;. The estimated output rf puwer P, is
45+ 15 uW using the suppression of /. and is 50 £25 uW using the size of the
first Shapiro step. The measured rf power is consistent with P, =65 uW
calculated from Eq. (1) [7]. The measurement of the output power spectrum P,{f)

is currently in progress.




In summary, a linear Josephson effect array oscillator with series dc bias

has been designed to deliver rf power of about 100 uW to a 50 2 load. The
measured output power to tiue 62 I load at ~ 400 GHz is 50 uW, lower than
designed value., due to the difference between the target critical current and that

of the sample.
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JUNCTION ARRAYS
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Stony Brook, NY 11794, USA 516/632-8076

For many submillimeter wave (SMW) frequency applications it is essential to have a compact
source capable of delivering rf power in the range of 10 ~ 100 zW to a load around 50 2. The highest rf
power measured {rom a Josephson effect oscillator was 7 uW at ~ 300 GBz reported by Wan et. ai [1-
4]. Recentlv, we have obtained rf power of greater than 50 uW coupled to ~ €0 §I load around 400 GHz
from distributed linear Josephson arrays [4] of 500 junctions with series dc biasing.

The tf power coupled to a load R; from an completely phase-locked linear array of N Josephson

junctions can be written as
Py =x(YNV_ )R, [[2(NR;+ R})? (1)

Here. f; is the normal state resistance of each junction, V_= I_R; is the characteristic voltage of the
junction and [_ is the critical current. v and x are factors of order urity which depend on the junction
parameters and array design. In general ¥ and x ‘must be obtained by computer simulation.

The distributed array (shown in Fig. 1) has 300 resistively shunted junctions placed along a
microstrip transmission line. Ten junctions are grouped into 2 lump in which two adjacent junctions are
separated by 10 um. Adjacent lumps are separated by one wavelength at the designed operating
frequency. Load resistors and Josephson junction detectors are placed at both ends of the array. The
arrays were fabricated at IBM using PARTS technology [5] with high critical current density
(/.22 30=-50 kA/cmz) Nb/AIO_/Nb trilayers made at AT&T Bell Laboratory. 706—800 nm of
thermally evaporated SiO was used as the dielectric between the Nb microstrip and the 300 nm Nb
ground plane. Each load resisto: and detector junction has independent de bias leads which allows us to
make four terminal measuremnent to determine their parameiers. A; is measured by suppressing the
junction's eritical current with a magnetic fiela. The capacitance of the 6 uym? junctions i3 estimated %o
be ~ 290 fF including parasitic capacitance. The parasitic inductance L associated with the external
shunt resistor is 0.18 pH estimated from the physical dimensions of the shunt.

The coherent rf current generated by the array is measured by the detector junctions placed
after the loads. The magnitude of the n=1 Shapiro step [6] is used to obtain the amplitude of the
roherent rf current I 4 through the junction and the load by fitting the measured IV curve to that of
numerical simulations using measured junction parameters. For numerical simulations, the detector
juncticn has to be described by the Resistively-Inductively and Capacitively Shunted Junction (RICSJ)
model due to the rather large value of LJ_ [7].

Five sampies have been completed and tested for SMW generation. All of them have > 20 uW
coupled to a ~ 60 2 load around 400 GHz. The de 1V curves of a 500 junction array and its detector
junction from sample W11D8 are shown in Fig. 2. The array has an average critical current I_ = 3.2 ma
and an average R; = 0.4 Q. The detector junction has I = 3.45 mA, R;~04 , Fig. 3 shows the
measured IV curve around the n=] Shapito step at 1.9 K and that of the simulation using the measured
parameters above and I, = 1.22 mA. The measured load resistance is 68 {2 for this sample thus giving
T power lfﬂi,{/? x> 50 pW at 400 GHz. The size of the n=1 Shapiro step of sample W8F5 as a function
of array's oscillation frequency is displayed in Fig. 4. Note that the array oscillator generated usable rf
power ( > 1 pW) into ~ 60 2 over a fairly wide frequency range (300 — 450 GHz). More than 10 gW f
power at 500 GHz has been obtained from sample WI11D8.

In summary, series do biased 500 junction distributed Jusephson junction arrays have been
designed, labricated and tested. The measured maximuin coherent i power coupled te a 60 N load at




400 GHz is greater than 50 uW. Coherent rf power above 10 uW has also been measured at 500 GH:
from the array oscillator,
This work is supported in part by BMDO-IST through the RADC and by ONR, with support
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ABSTRACT

A submillimeter wave source based on a new design using Josephson junction
arrays has been developed and tested. The maximum tf power, delivered to a 68 load
and detected on-chip, was 47uW at 394 GHz. Significant power was detected at a
number of frequencies from 300GHz to 500 GHz where the power was 10uW. 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=4.2K. is
Jess than 1 MHz. The minimum inferred linewidth near 400 GHz, at somewhat lower

power. is about 100kHz.
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Many submillimeter wave (SMW) frequency applications, such as radio astronomy
and high speed communication, require a compact SMW’ source capable of delivering rf
power in the range of 10- 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 THz (1], for applications in the SMW [2-4].
The most promising results, recently obtained, have come from three types of sources:
long single junctions flux flow oscillators [2], 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 1Q. The highest rf power previously reported from a
Josephson effect oscillator bas been 7 yW at ~300 GHz by Wan et. al [4] 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 yW around 394 GHz aud 10 gW at 500 GHz into an on-chip load of 68 Q.

Small resistively shunted junctions (RSJ), described by the RSJ model [5]. are
characterized by a critical current I, and a shunt resistance R, and generate a peak rf
voltage V, =2V, (V.= I.R,) with a source impedance Z, at the Josephson frequency.
f;=483.6 GHz/m\". For bias voltage V'>V'., 4—1 and Z,—R;. 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 arrays [6] 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,

(WNVPR,

2NE,+ R ()

PN=K

Here N is the number of rf series elements in the array, and R; is the load impedance
seen by the array. « =1 is the ideal case, but is in general somewhat less than unity due
to losses in the coupling structure or imperfect phase aligament of the junctions. For 1D
arrays (Fig. la-c), N is just the number of junctions in the array. For 2D arrays (Fig.

1d) of the types so far reported. the rf current flow is idcally along rows of junctions,
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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,.
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, is
Py ~(N,V.)}/8R;, and can in principle be increased just by increasing N, while keeping
NR; and V, constant. This implies that I',, « N, and Py ~ R;I}?/8.

Increasing the source power, therefore, requires increasing /., adding together
enough series elements to match the array impedance to the load and maintaining phase
coherence 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 1D or 2D arrays for maximizing I, while maintaining phase stability. The
second 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 soived to permit the use of enough junctions to obtain power levels

much above a microwatt. It is this second problem which we address in this paper.

Fully coherent 1D a.rays have been demonstrated using both a lumped circuit
design (Fig. la). where the array length L < A/10 [6] (A is the wavelength in the
microstrip coupling the junctions), or the so-called quasi-lumped design where the
junctions’ spacing is A [4]. The number of junctions in both designs is severely limited in
the SMW. A maximum of about N =10 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 lc shows such a structure where groups of A
junctions are placed at iotervals of A or A/2 along the microstrip. Qur computer
simulation shows that for same N and M arrays with A/2 inter-lump distance have a

wider tuning range.

Distributed arrays (shown in Fig. 2) of 500 junctions have been designed.




fabricated, and tested for SMW generation. Resistively shunted Nb/AlO./NbL tunnel
junctions are placed in groups of ten junctions (M = 10) 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 Josephson
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
Superconductivity [7] with high critical current density (J,x~40-60 kA/cm?)
Nb/AlO,/Nb trilayers made at AT&T Bell Laboratory. 700 nm of thermally evaporated
Si0 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 capacitance of the 6 um? junctions. including parasitic capacitance.
is estimated from the geometry and the specific capacitance of 46 fF/um? to be ~ 290 {F
. 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 arravs. For example, the arrays studied here
would have required a bias current of over 2 A for paralle] bias instead of the SmA

actually used.

The coherent rf current generated by the array is measured by the detector
junctions placed after the lumped resistor loads. The magnitude of the n=1 Shapiio step
[8] is used to obtain the amplitude of the coherent rf current I, through the detector
junction and the load resistor by fitting the measured /1’ 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 [9] due to the rather large value of L1..

Five samples have been completed and tested for SMW generation. All delivered
more than 20 W of rf power near 394 GHz to loads of ahout 65 Q2. For sample W11DS,
the average critical current of the junctions in the array is J_ = 3.2 mA and the average
junction resistance is R; = 0.380). The detector junctions have an I, >~ 3.5mA, and a
R, =038Q. The maximum power from the array occurs at 394 GHz, however,

significant power is available at a number of frequencies in the 300 GHz to 500 GHz range




with 10 uW of power delivered to the loads at 500 GHz. Figure 3 shows the measu,ed IV
curve of a detector around the n=1 Shapiro step with the array operating at 394 GHz and
T=19K. This is compared with that of the detector simulation using the measured
junction parameters and an rf current amplitude from the array of I,, = 1.18 mA. The
measured total load resistance is 68} for this sample giving an rf power,
If,RL/2:47 uW at 394 GHz. Since the total array resistance is 190} (the actual
Junctions shunt resistors were somewhat greater than the design values) the maximum
available power from this array (into a 190 load) would be 64 yW at 394 GHz.

The measured power of ~50uW at 394 GHz compares reasonably with the value
of 96 uW from Eq. 1, assuming perfect alignment of the junctions’ phases and no
transmission line losses (1.c. k =1). However, k is in general always less than unity due
to imperfect phase alignment and the losses in the coupling structure (in our case. a
microstrip transmission line). The measured value of x = 47/96 ~ 0.49 at 394 GHz can
be entirely accounted for by a surface resistance of 7 m), assuming nearly perfect phase
alignment. - computer simulations of an array with N’ =100 but otherwise identical
in structure to that measured indeed show a negligible phase spread among the junctions.
Although the surface resistance of the actual sample has not been measured, the value
inferred from the rf power measurement (7 mQ) is consistent with the measured surface
resistance at about 400 GHz in Nb/SiO/Nb microstrip resonators [10] and compares
favorably to that obtained by Cucolo ¢t al. [11].

The second major advantage of thie phase-locked arrayv source is that the radiation
hnewidth can be substantially reduced since the phase-locking suppresses the frequency
modulation of the array due to the random noise sources associated with the junction
shunt resistors. The linewidth of a series array of .\ identical Josephson junctions is

approximately given by (6. 12,13}

2 fk R?
Af =~ (%—%) (?%I_;) 7;5[1 + 202rcoth(r)] . = ﬂ:T . (2)

where kg is the Boltzmann constant, h 1s Planck’s constant, ¢, is the magnetic flux
quantum, R, is the dynamic resistance of an independent junction, and a =~ 0.42 is the
down conversion coefficient. Equation 2 requires some modification in distributed arrays,

since the strength of the locking can depend on the position of the junction. However,

direct measurements of the linewidth [13] in a small array consisting of two groups of




junctions separated by A/2 show that, within a factor of 2 to 3, Eq. 2 provides a reliable
estimate of Af Using values of R; and R; as the average over the array, the implied
linewidth at 394 GHz is about 7T30kHz at T = 4.2 K decreasing to 475 kHz at 1.6 K, where
x> 5.9, so zero point fluctuations dominate. The value of R, varies with bias current
giving a minimum implied linewidth of about 100kHz at T = 4.2K near 375 GHz but

with a somewhat lower power level.

In summary, 500 junction Josephson effect arrays using dc series bias and a
distributed junction layout have been designed, fabricated and tested. The measured
maximum coherent rf power coupled to a 68 2 load at 394 GHz is 47 yW, implying an
available power of 64 uW. An rf power of 10 4W has also been measured at 500 GHz
from the array oscillator. At 4.2 K the linewidth near 400 GHz, calculated from Eq. (2)

using the measured array parameters, is less than 730 kHz.
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FIGURE CAPTIONS

Fig. 1. Some typical structures for Josephson junction arrays: (a) 1D Lumped array. (b)
Quasi-lumped array. (c) Distributed array. (d) 2D array. A is the wavelength at the

primary operating frequency; I, is the dc bias current.

Fig. 2. Schematics of the N =500, M =10 serial biased 1D distributed Josephson

Junction array for SMW generation.

Fig. 3. The measured IV curve (solid line) around the n =1 Shapiro step at 798 uV of
the detector junction on sample W11D8 under 394 GHz irradiation from the array and
the 71" curve obtained from computer simulation (solid circles) using RICSJ model. The
parameters used for the simulation are I, =347mA, C =29%4f{F, L =0.178pH.
R, =0377Q, and Irf =1.18mA. This rf current amplitude corresponds to a power of

47 4\ in the load of 68 Q.
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