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(57) ABSTRACT 

A superconductive device is disclosed, Which has speci?c 
characteristics of a generator and/or detector of sub-milli 
meter Wavelength radiation, comprising a two-dimensional 
lateral array of mesas (column-shaped elements) each con 
taining vertically stacked Josephson junctions on top of one 
another. This device is capable of covering the entire fre 
quency range betWeen the microwave and far infrared 
spectral regions, in a plurality of applications, Where radia 
tion emission and detection is involved. According to its 
various embodiments, thin columns (stacks) of Josephson 
junctions are monolithically built betWeen superconducting 
electrical top and bottom contact layers. Mutually isolated 
segments cut out of the contact layers alloW for optimization 
of circuit parameters such as impedance matching to load 
and maximizing the output poWer. External electronic con 
trol alloWs modulation of the radiation ?eld and other 
operation modes of the device. The speci?cation also 
describes special applications of the disclosed device. 
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J OSEPHSON JUNCTION ARRAY DEVICE, AND 
MANUFACTURE THEREOF 

BACKGROUND OF THE INVENTION 

[0001] (a) Field of the Invention 

[0002] The invention relates to superconducting devices, 
corresponding technologies and application ?elds, and more 
speci?cally to a novel generator and detector of sub-milli 
meter electromagnetic radiation, and its multiple applica 
tions. 

[0003] (b) Description of the Related Art 

[0004] 1. Arrays of Arti?cial Junctions 

[0005] The ?rst realiZation of potential usefulness of 
Josephson junctions as tunable microWave sources and 
detectors can be traced back to the earliest Works of B. 
Josephson and S. Shapiro. It Was also understood very early 
that a single Josephson junction emits With too little poWer 
and too broad lineWidth to be useful as a practical micro 
Wave source. These de?ciencies can be removed by using 
arrays of Josephson junctions [Jain et al. 1984; Bindslev 
Hansen and Lindelof 1984; Lukens 1990]. If the coupling 
betWeen the junctions is strong enough, phase locking may 
occur betWeen them; in this cases, the array emits coherent 
radiation [Lukens 1990; Konopka 1994]. Possible coupling 
mechanisms and coupling strengths have been analyZed in 
detail [Jain et al. 1984; Lukens 1990]. It has been understood 
that the lineWidth of the electromagnetic radiation emitted 
from an array of Josephson junctions decreases as the 
number of junctions Within the array is increased, and can 
become very narroW in large arrays [Lukens 1990; Wiesen 
feld et al. 1994; Konopka 1994]. 

[0006] PoWer of the emitted radiation also increases With 
the number of junctions in the array, and in large arrays it can 
become large enough (P21 mW) for many practical appli 
cations [Bindslev Hansen and Lindelof 1984; Jain et al. 
1984, Konopka et al. 1994; Wiesenfeld et al. 1994]. It is 
important here that a good impedance matching is achieved 
With the load, because in the opposite case most of the 
radiation is re?ected back and dissipated Within the device 
itself [Jain et al. 1984, Bindslev Hansen and Lindelof 1984; 
Konopka 1994]. 
[0007] Another concern are various junction parasitics; for 
eXample, junction capacitances are a source of poWer reduc 
tion at higher frequencies [Lukens 1990. Wiesenfeld et al 
1994]. This favors small-area Josephson junctions. Another 
argument pointing to the same conclusion is increased noise 
and lineWidth broadening in large-area junctions [Kunkel 
and Siegel 1994; Konopka 1994]. Technically, for W249»? 
Where W is the junction Width and k]- is the Josephson 
penetration depth, the current ?oW becomes inhomogeneous 
[Kunkel and Siegel 1994]. It has been understood also that 
to achieve complete phase locking in an array of coupled 
Josephson junctions, it is necessary that all the junctions 
Within the array have similar critical currents (Ic); in general, 
uniformity of 15% or better is required for linear arrays [see 
eg Konopka 1994]. 

[0008] It is possible to relaX someWhat the above stringent 
requirements by using a distributed arrays of equidistant 
Josephson junctions (see FIG. 8), provided that the operat 
ing frequency is adjusted in such a Way to match the spacing 
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betWeen the junctions With the Wavelength of the emitted 
electromagnetic radiation [Lukens 1990; Han et al. 1994]. 
This obviously reduces tunability in frequency, While the 
poWer of the emitted radiation can be increased signi?cantly. 

[0009] There have been numerous experimental studies of 
Josephson junction arrays, and some remarkable results 
have been achieved. Most of these Were based on conven 

tional (lOW-Tc) superconductors, eg using Nb/Al-AlOX/Nb 
trilayer junctions. Complete phase locking has been dem 
onstrated in a linear array of 100 such junctions [Han et al. 
1993]. In some cases, a broad-band antenna (for eXample, a 
boW-tie antenna, or a tWo-arm logarithmic spiral antenna), 
Was integrated on the chip, and off-chip radiation Was 
detected and measured. In other cases, another Josephson 
junction Was integrated on-chip and coupled via a transmis 
sion line to the array. Some of the best results include the 
folloWing ones. Emission of P=50 MW at v=400-500 GHZ 
Was observed from a distributed array of 500 Josephson 
junctions [Han et al. 1994]. In another circuit design (10x10 
array), radiation Was generated With a lineWidth as small as 
Av=10 kHZ, tunable over a broad range, v=53-230 GHZ 
[Booi and BenZ 1994]. 

[0010] With the discovery of high-temperature supercon 
ductivity in La-Ba-Cu-O by G. BednorZ and K. A. Miiller in 
1986, and subsequent improvements of the critical tempera 
ture in related cuprate compounds up to Tc>160 K, great 
expectations have arosen for superconductive electronics, 
operational at liquid nitrogen temperature and even above it. 
Indeed, Josephson junctions have been fabricated since 1987 
in doZens of laboratories WorldWide, by a variety of tech 
niques. Emission due to ac Josephson currents in arti?cial 
high Tc Josephson junctions Was measured and analyZed 
[Kunkel and Siegel 1994] In the same study, phase locking 
of tWo step-edge junctions Was demonstrated over a broad 
frequency range of v=80-500 GHZ. In larger arrays, only 
partial (up to 4 junctions) and rather unstable phase locking 
Was observed [Konopka 1994]. This Was understood to 
originate from a generically large non-uniformity of such 
step-edge high-Tc Josephson junctions, Where critical cur 
rent variations of 150% are typical [Konopka 1990]. In 
another experiment ?ve and ten-junction arrays, one neXt to 
the other, Were fabricated using step-edge HTS junctions 
[Kunkel and Siegel 1994], again With only partial phase 
locking and very small output poWer. 

[0011] Arti?cial high-Tc Josephson junctions and stacks 
are prerequisite in one embodiment of the present invention 
(see section V). They have indeed been fabricated success 
fully already [BoZovic et al. 1994, BoZovic and Eckstein 
1995, 1996a,b; Eckstein et al. 1992, 1995, Ono et al. 1995] 
using atomic-layer-by-layer molecular beam epitaXy (ALL 
MBE). A variety of barrier layers have been eXplored, 
including BiZSrZCuO6 [BoZovic and Eckstein 1996b], 
Bi2Sr2DyXCa1_XCu2O8 [BoZovic and Eckstein 1996, 1995], 
Bi2Sr2DyXCa1_XCu8O2O and BiSr2DyXCa1_XCu8O19 [IoZovic 
and Eckstein 1996, Eckstein et al. 1995], etc. High-resolu 
tion cross-sectional electron microscopy has shoWn virtually 
atomically perfect interfaces betWeen the barriers and the 
superconducting electrodes [BoZovic et al. 1994b]. These 
multilayers Were lithographically processed into mesa struc 
tures for vertical transport devices [Eckstein et al. 1992, 
BoZovic and Eckstein 1996b]. Both proximity-effect (SNS) 
junctions [BoZovic and Eckstein 1996b, 1995] and tunnel 
(SIS) junctions [BoZovic and Eckstein 1996a, BoZovic et al. 
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1994] have been fabricated in this Way. They have shown 
remarkably high characteristic voltages, up to ICRN=1O mV 
(Which corresponds to v=2.5 THZ) and uniformity of better 
than 15% [BoZovic and Eckstein 1996a]. It Was further 
demonstrated that the barrier properties such as its normal 
state resistance RN and critical current Ic can be engineered 
over a very broad range (four orders of magnitude) by 
varying the doping level Within the barrier, e.g., by varying 
X in the barrier layer consisting of Bi2Sr2DyXCa1_XCu8O2O 
[BoZovic and Eckstein 1996a,b, 1995, 1994a; Eckstein et al. 
1992]. Finally, some short vertical stacks of such Josephson 
junctions have already been fabricated and they shoWed 
perfect phase locking [BoZovic and Eckstein 1996b, 1994a; 
Eckstein et al. 1995; Ono et al. 1995]. In conclusion, every 
critical technological step related to fabrication of arti?cial 
trilayer Josephson junctions, and their vertical stacks, Which 
We assumed to be feasible in Section V (iv). beloW, has 
already been successfully demonstrated and reduced to 
practice. 
[0012] In many of the papers mentioned here, speculative 
statements Were made about promising future applications 
of arrays of Josephson junctions. For example, applications 
are predicted as generators and detectors of GHZ and THZ 
radiation [Jain et al. 1984], and even more speci?cally in 
radio-astronomy and radio-spectroscopy of heavy molecules 
[Konopka 1994], in voltage standards [Ono et al. 1995], etc. 
No such applications have been realiZed (i.e., reduced to 
practice) so far, because of technical dif?culties expounded 
above. It is generally understood that for useful off-chip 
spectroscopic applications, emitted poWer of more than 
0.1-1 mW is needed Without sacri?ce in tunability [Konopka 
et al 1994], and in reality this milestone has not been reached 
so far. 

[0013] In the US. Pat. No. 3,725,213 to Pierce (1973) a 
superconductive barrier device and its fabrication technol 
ogy is disclosed, Which, besides other aims, provides for a 
generator or detector of millimeter and sub-millimeter radia 
tion, based on a granular or particulate structure of the 
superconductor material. While enhanced radiation emission 
or sensitivity is intended by the summation of many Joseph 
son junction-containing grains, there is little control and 
reproducibility, no phase locking, and complete load mis 
match to vacuum. Although this device is capable of sWitch 
ing betWeen the superconducting and normal conductivity 
state by means of a magnetic ?eld, generated by an electrical 
pulse through a layer adjacent to the Josephson junction, no 
intention has been made to control the radiation emission 
frequency by virtue of the effect the magnetic ?eld might 
have on the energy gap of the superconductor. 

[0014] A superconducting device is disclosed in US. Pat. 
No. 4,837,604 to Paris (1989), Which comprises a plurality 
of Josephson junctions, stacked vertically on top of one 
another, With series connection of stacks. It is tailored to a 
three terminal sWitch, intended to replace singe junctions 
and lateral arrays of junctions in analog and digital sWitch 
ing applications. 

[0015] Radiation emission is not an aim of that device 
neither Would the chosen design suite such objective. 

[0016] In US. Pat. No. 5,114,912 to BenZ (1991), a 
high-frequency oscillator based on a tWo-dimensional array 
of Josephson junctions is described. It is excited by the dc 
control current from an appropriate current source. The 
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frequency of Josephson oscillations can be tuned continu 
ously by adjusting this dc bias current. 

[0017] Impedance matching to load can be achieved by 
selecting the appropriate number of Josephson junctions in 
the array or by adding resistive shunts. The perceived 
application of the device is as a tunable dc-to-ac converter 
at GHZ and even THZ frequencies. 

[0018] One draWback of this device is that it is explicitly 
restricted to tWo-dimensional planar arrangements of 
Josephson junctions, Which are placed next to one another 
on the chip. This geometry introduces severe limitations on 
the maximum possible number of junctions in such an array. 
Namely, the minimum area of a single junction is around 1 
pm2 because of limitations of photolithographic technology, 
uniformity requirements, the need to have a substantial 
critical current (not less than 1 mA for optimum poWer) and 
loW-contact-resistance top lead (or leads). On the other 
hand, the phase-locking requirement restricts the lateral 
dimension of the array to about M4, Which is about 75 pm 
for v=1 THZ. AlloWing for some spacing betWeen junctions 
etc., one gets something like 1-2,000 for the maximum 
number of junctions in a phase-locking array of this design. 
In practice, arrays of 10><10=100 junctions Were made. As 
We Will discuss in Section V (vii) beloW, this design does not 
alloW for out-of-chip poWer of emitted microWave radiation 
at a level interesting for conceivable applications ie at least 
0.1-1 mW. We Will argue that alternative designs proposed 
here (in Section V) alloW for much denser packing of 
Josephson junctions, arti?cial or intrinsic, and open pros 
pects for sources With much higher emitted poWer, and by 
virtue of this property, for a variety of novel applications 
Which are not possible With the planar array devices. 

[0019] In the EU. patent EP 446146 to Harada and HoZak 
(1987) a trilayer Josephson junction is disclosed, comprised 
of top and bottom superconducting electrodes made of 
LyBa2Cu3O4, Where Ly is Y or a rare-earth element, and 
6<y§7, and a non-superconducting barrier made of 
BiZYXSrYCuZOW, Where Oéxé 2, 1 éyé3, 1§Z§3, and 
6 éwé 13. In this patent, no information Was provided about 
the properties of such junctions (such as Ic, Rn, I-V charac 
teristics, microWave modulation properties, etc.). Nor is 
there any mention of formation of arrays, vertical or lateral, 
their expected properties, or applications. 

[0020] A magnetic control mode for the emission fre 
quency has been proposed for a device disclosed in the 
European Patent 513,557 to Schroder (1992), Where the 
device of that invention contains stacks of Josephson tunnel 
junctions, in a series superconducting connection. 

[0021] In betWeen each pair of neighboring SIS Josephson 
junctions, there is one more superconducting layer, Which is 
insulated on both sides from the neighboring Josephson 
junctions. This layer is intended to be used as the control 
line: by running a current laterally through this layer, as 
already proposed in US. Pat. No. 3,725,213, one should 
generate a magnetic ?eld Which is intended to affect the SIS 
Josephson junctions by reducing the gap in the supercon 
ducting layers. 

[0022] This device has several draWbacks, some of Which 
make its reduction to practice impossible Within the con 
straints of currently knoWn materials parameters and avail 
able microfabrication technologies. 
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[0023] In particular, that patent description does not teach 
one hoW to fabricate the (series) superconducting contacts 
betWeen superconducting electrodes of stacked SIS Joseph 
son junctions, Which is the critical technological step 
required to fabricate the device. It requires one to deposit 
superconducting pads of dimensions of about 1 pm><0.01 
pm, on tWo opposite lateral sides of a vertical layered 
column structure. 

[0024] There is no knoWn technology today capable of 
performing such a task. 

[0025] A further concern is the thickness required for the 
superconducting control line (S2 in FIG. 1 of EP 513.557 A2) 
in order that it can generate a magnetic ?eld strong enough 
to reduce the gap in the superconducting electrodes. Take, 
for example, a layer Which is 10 nm thick, Within a 1 pm2 
mesa. 

[0026] Such small area mesas are required to keep the 
critical current of Josephson junction’s small enough for the 
desired phase-locked operation, as Will be expounded later. 
Asuming a very high critical current density of jc=106A/cm2 
in this layer, one gets Ic=a2 jc=106 A/cm2><1 pm><10 nm=106 
A/cm2><10_4 cm><10_6 cm=10_4 A. At a distance of about 10 
nm, this current Would produce a magnetic ?eld of about 
Bz0.01 Tesla. Such a ?eld is several orders of magnitude too 
small to signi?cantly affect the critical temperature and the 
superconductivity gap in the neighbouring superconducting 
electrodes. In high-Tc superconductor materials, such as 
YBa2Cu3O7 or Bi2Sr2CaCu2O8, magnetic ?elds of several 
Tesla are needed to get a measurable effect on To, and that 
only if the ?eld is oriented perpendicular to the CuO2 planes. 
In the geometry given in EP 513557 A2, the magnetic ?eld 
Would essentially be parallel to the CuO2 planes. 

[0027] In this unfavorable geometry, even the highest 
magnetic ?elds available today (over 50 T) essentially do not 
affect Tc in high-Tc superconductor materials, such as 
Bi2Sr2CaCu2O8. To overcome this dif?culty, one Would 
have to use much thicker control-line superconducting lay 
ers, say 1 pm thick or even thicker (e.g., 6 pm thick, as in 
US. Pat. No. 3,725,213). That, hoWever, clashes With the 
current limitations for epitaxial groWth of high-quality high 
Tc superconductor ?lms (no more than feW hundred nm). To 
fabricate a stack of several such devices Would be even less 
possible. 

[0028] An alternative approach Would be to use some 
conventional (lOW-Tc) superconducting materials With much 
loWer critical ?elds, i.e., much more sensitive to an applied 
magnetic ?eld. HoWever, apart from losing the advantages 
of a high Tc (such as the possibility to avoid expensive and 
cumbersome very loW temperature cryogenic systems), in 
this hypothetical embodiment of the discussed device, one 
Would also lose the advantage of extremely thin supercon 
ducting electrodes Which are possible if one employs the 
high-Tc superconductor cuprate compounds. The supercon 
ductivity coherence lengths are much larger in conventional 
loW-Tc superconductors, and for that reason one Would have 
to use much thicker superconducting electrodes. This, in 
turn, Will also limit in practice the number of devices in a 
stack to only feW in contrast to What is assumed in the 
description of the device in EP 513557 A2. 

[0029] On the other hand, While it is clearly impractical to 
modulate the gap and T0 of the superconducting electrodes 
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as proposed in EP 513557 A2, it is possible to introduce 
vortices in the barrier and control the critical current by an 
applied magnetic ?eld. We Will actually make use of this 
later in Section V. 

[0030] Another problem is that of the device “cross-talk”. 
Imagine that one could somehoW resolve the problem of 
control lines and make them of some material that can carry 
strong enough currents and generate magnetic ?elds that can 
reduce the superconducting gap in the neighboring high-Tc 
superconductor electrodes. The problem is that such a ?eld 
Would affect more than just one Josephson junction. To 
begin With, according to the design in EP 513 557 A2, for 
each control line there are tWo equidistant Josephson junc 
tions, Which should be equally affected. But since the 
magnetic ?eld in the geometry under discussion Will fall off 
sloWly as a function of the distance from the control line, one 
Would actually expect that it Would affect every Josephson 
junction Within that stack. So, individual Josephson junction 
control, although the principal aim of that proposal, is 
impaired With such a design. 

[0031] A further major-draWback of the device design in 
EP 513 557 A2 is that no considerations Were made of output 
poWer of the electromagnetic radiation to be generated. In 
particular, load matching to vacuum Was not considered. As 
pointed out above, it Would be impractical to make even a 
feW-junction stack Within that design. This Would imply a 
substantial output-impedance load mismatch. In this case, 
most of the microWave radiation poWer Would be re?ected 
back and dissipated Within the device itself. The device 
Would burn out before one is able to extract signi?cant 
microWave poWer out of it. 

[0032] In fact, optimiZation of a high-Tc superconductor 
Josephson junction array for maximum output poWer 
requires in general both series and parallel superconducting 
connections, as We Will shoW in detail in the upcoming 
section V. 

[0033] To summariZe, it is our conclusion that the device 
described in EP 513557 A2 has not been reduced to practice 
because of several draWbacks in its design, namely, its 
fabrication requires the deposition of superconducting con 
tacts about 0.01 pm Wide on lateral sides of mesas that 
contain Josephson junction stacks, for Which there is cur 
rently no knoWn technology, (ii) there are no knoWn super 
conductors that can sustain currents large enough to generate 
magnetic ?elds strong enough to reduce the superconducting 
gap in the high-Tc superconductor Josephson junction elec 
trodes, Within the dimensional constraints of the device, (iii) 
the magnetic ?elds if generated Would affect more than one 
Josephson junction (i.e., there Would be inadmissible ‘cross 
talk’ betWeen individual devices Within the same stack), and 
(iv) output poWer Would be too loW for the proposed system 
applications, in part because the device design does not 
alloW for Josephson junction array circuit optimiZation. 

[0034] It is the purpose of this patent to disclose a device 
of the invention that overcomes all the draWbacks discussed 
above. 

[0035] 2. Intrinsic Josephson Junction Stacks In 
Cuprate Superconductors 

[0036] In the very ?rst paper on cuprate superconductors 
in 1986, J. G. BednorZ and K. A. Miiller expressed an 
opinion that La-Ba-Cu-O is a quasi-tWo-dimensional super 
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conductor, in vieW of its pronounced layered structure. 
Subsequently, this hypothesis has been con?rmed by a 
variety of experimental ?ndings on various cuprate super 
conductors (see eg BoZovic 1991), the most direct of Which 
Was the observation of high-Tc superconductivity in one 
unit-cell thick layers of Bi2Sr2CaCu2O8 [BoZovic et 
al.1994a]. On the other hand, the critical current along the 
c-aXis (i.e., perpendicular to the CuO2 layers) is much 
smaller than in a direction parallel to the CuO2 planes. 
HoWever, it is not Zero, i.e., supercurrent can run in the 
c-aXis direction. This clearly implies that the planar, quasi 
2D superconducting slabs are Weakly coupled by Josephson 
tunneling. 
[0037] In other Words, cuprate superconductors can be 
vieWed as natural (native, intrinsic) stacks of Josephson 
junctions, spaced at 6-25 Atheoretical model for a stack 
of Josephson coupled superconducting layers Was intro 
duced already 25 years ago [LaWrence and Doniach 1971], 
and studied in much detail since then. The predictions 
include nonlinear I-V characteristics, microWave-radiation 
induced I-V (Shapiro) steps, and microWave emission from 
a sample under dc voltage bias. 

[0038] Indeed, all these signatures Were observed in 
cuprate superconductors, ?rst in Bi2Sr2CaCu2O8 [Kleiner et 
al. 1992] and subsequently also in (PbyBi1_y)2Sr2CaCu2O8, 
Tl2Ba2Ca2Cu3O1O, etc. [Kleiner and Miiller 1994, Miiller 
1994, 1996] and by several groups [Regi et al. 1994, Irie et 
al. 1994, Schmidl et al. 1995, Yasuda et al. 1996, Tanabe et 
al. 1996, Yurgens et al. 1996, Seidel et al. 1996, Xiao et al. 
1996]. Most of these results Were obtained on small single 
crystals, but some Work Was also done on mesas lithographi 
cally de?ned on single crystals or thin ?lms [(Schlenga et al. 
1995, Miiller 1996, Schmidl et al. 1995]. In some cases, 
phase locking of over 1,000 native junctions Was observed 
[Schlenga et al. 1995]. In general, phase locking Was only 
partial, as evidenced by the appearance of multiple branches 
in I-V characteristics (in all Works published so far). 
Namely, if the Josephson junctions that belong to a stack are 
not all identical, i.e., if their critical currents vary from one 
junction to another, they Will not all sWitch to the normal 
state at the same point as the bias current is increased. 
Correspondingly, emission from such an array is eXpected to 
be a superposition of coherent (narroW-band) and incoherent 
(broad-band) radiation, and indeed this Was observed 
[Schlenga et al. 1995, Miiller 1996]. These variations in 
Josephson junction characteristics are believed to arise from 
imperfections in the crystal groWth and in the lithographic 
process of de?ning mesa structures, such as variations in the 
mesa cross-section area. [We Will address this problem in 
Section V. (iv) beloW]. The highest frequency of the emitted 
radiation detected so far Was v=95 GHZ, due to limited 
detection capabilities [Miiller 1996]. The poWer of detected 
radiation Was minuscule, less than 1 pW, partly due to gross 
load-impedance mismatch. No practical devices or applica 
tions have been reported so far, although some speculations 
about conceivable future applications for sub-millimeter 
radiation sources Were put forWard [Schienga et al. 1995]. 

SUMMARY OF INVENTION (PROPERTIES) 
[0039] It is therefore an object of the present invention to 
provide means for avoiding some or all of the above 
dif?culties. 

[0040] It is another object of this invention to provide a 
novel generator and/or detector of sub-millimeter electro 
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magnetic radiation, Which applies simultaneously a plurality 
of vertically stacked Josephson junctions connected into a 
tWo-dimensional netWork, so that the generation of micro 
Wave poWer is considerably enhanced. 

[0041] It is another object of this invention to provide a 
novel sub-millimeter radiation device With an array imped 
ance that alloWs an impedance matching to the load, this 
providing maXimum off-chip emission poWer. 

[0042] It is another object of this invention to provide a 
novel sub-millimeter radiation device having a remarkably 
small emission lineWidth (less than one millionth of the 
radiation frequency v), Within its sub-millimeter Waveband 
up to the emission frequency of several THZ. 

[0043] It is another object of this invention to provide a 
novel sub-millimeter radiation device With an electronic 
control mode Which alloWs one to continuously vary the 
emission frequency and/or to tune the detection frequency, 
over a broad spectral range. 

[0044] It is another object of this invention to provide a 
novel sub-millimeter radiation device, Whose emitted micro 
Wave intensity can be modulated electronically, including an 
on/off mode, providing also a fast electronic sWitch for 
superconducting electronic circuits. 

[0045] It is another object of this invention to provide a 
novel sub-millimeter radiation device of Which the main 
emission direction of the Wave ?eld (i.e., the propagation 
vector of the plane Wave) can electronically be rotated 
Within the propagation plane, providing for a sWeeping 
property of the device in both the emission and the detection 
mode. 

[0046] It is another object of this invention to provide a 
novel sub-millimeter radiation device, of Which the emitted 
Wave ?eld can electronically be split into tWo or more parts, 
and each can be controlled separately, alloWing among other 
features for focusing and defocusing of the combined Wave 
?eld. 

[0047] It is another object of this invention to provide a 
novel sub-millimeter radiation device capable of emitting 
and/or detecting independently, and even simultaneously, at 
different ?Xed (predetermined) or electronically varied and 
controlled frequency channels. 

[0048] It is another object of this invention to provide a 
novel sub-millimeter radiation device of Which the emission 
and detection mode can be inverted by eXternal electronic 
means. 

[0049] It is another object of this invention to provide a 
novel sub-millimeter radiation device, suitable for its incor 
poration into superconductor/semiconductor hybrid sys 
tems. 

[0050] These and other objects are achieved according to 
the present invention by providing a tWo-dimensional net 
Work of linear column-shaped superconducting elements, 
each of Which contains a series array of vertically stacked 
Josephson junctions, being further this column-shaped 
superconducting elements grouped in a pre-designed man 
ner under electrical contact plates, carrying additionally said 
contact plates means for an external electronic control In 
addition to this the claims 1 to 35. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0051] FIG. 1: A device of invention: Basic design of a 
tWo-dimensional lateral array of column-shaped elements 
(mesas) (a) With stacked Josephson junctions (b), top contact 
(c), and bottom contact In (e), the electronic control unit 
is contained. 

[0052] FIG. 2: Electrical connections to mesas (column 
shaped active elements). (A) Each Josephson junction array 
column may carry its oWn electrical contact (1, 2, 3, 4, 5, 6, 
etc.). 
[0053] (B) Parallel connection of several active elements. 
Top superconducting contacts may unite several mesas 
(Josephson junction array columns) in groups (segments), 
each of Which is controlled electrically. 

[0054] (C) A device of invention: Short Josephson junc 
tion array With tWo segments of Josephson junction array 
columns connected in series by superconducting top and 
bottom electrodes (c) and (d), respectively. 

[0055] (D) A device of invention: A more complex circuit 
involving both parallel and series superconducting connec 
tions of linear Josephson junction arrays (contained in 
vertical column structures). Segmented electrical contacts, 
top (c), and bottom (d) for the series connection of n 
segments (1 éné 1000). 
[0056] FIG. 3: (A) Single crystal of a high-Tc supercon 
ductor-etched into a mesa structure (M-metal contact pads). 

[0057] (B) Epitaxial thin ?lm of high-Tc superconductor 
etched into a mesa structure. 

[0058] FIG. 4: In-situ fabrication of the superconducting 
top electrode (schematic representation, not to scale.) 

[0059] (A) Deposit a high-Tc superconductor ?lm (HTS 
1). 
[0060] (B) Cool doWn and cover it With the protective 
overlayer. 

[0061] (C) Spin-on, expose and develop the photoresist 
(PR) With openings for mesa de?nition. 

[0062] (D) Ion mill through the protective overlayer and 
about halfWay through the high-Tc superconductor (HTC-l) 
layer. 

[0063] Deposit insulating material I. 

[0064] Dissolve PR and lift-off insulator on top of the 
mesas. 

[0065] (G) Bring the ?lm back to the groWth chamber, heat 
it up so that the protective overlayer evaporates aWay 
leaving a pristine top surface of high-Tc superconductor 
(HTS-1) mesas. 

[0066] Deposit a high-Tc superconductor layer (HTS 
2). 
[0067] FIG. 5: (A) A fragment of the device in FIG. 4, 
shoWing mesas containing a Weak link Josephson junction 
(WL) at the interface betWeen tWo high-Tc superconductor 
layers (HTS-1 and HTS-2), and having a Widened bottom 
part as the result of the ion-milling process. 

[0068] (B), the same for the case of Wet etching, Where the 
mesas have constricted bottom parts as a result of under 
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etching. Arti?cial Josephson junctions (AJJs) are placed 
only in the central portion of the mesa, thus avoiding 
non-uniformities from both ends. 

[0069] FIG. 6 (1) and 6(2): Fabrication of parallel super 
conducting contacts betWeen three linear Josephson junction 
arrays in mesa structures. 

[0070] (A) Deposit the ?rst high-Tc superconductor ?lm 
(HTS-1) and protective overlayer, O. 

[0071] (B) Spin-on, expose, and develop photoresist R for 
mesa etch; 

[0072] (C) Etch or ion-mill to de?ne mesa structures. 

[0073] (D) Deposit insulator I. 

[0074] Dissolve photoresist and lift-off insulator above 
it. 

[0075] Remove the protective overlayer by evapora 
tion Within the groWth chamber. 

[0076] (G) Deposit the second high-Tc superconductor 
layer (HTS-2). 
[0077] Spin-on, expose and develop photoresist for 
the cluster de?nition etch. 

[0078] (I) Etch or ion-mill to de?ne the cluster structure. 

[0079] (J) Dissolve photoresist. 

[0080] Deposit metal contacts on the top and the 
bottom high-Tc superconductor electrodes. 

[0081] FIG. 7(1)-7(3):. Series connection of mesas or 
parallel connections of mesas. 

[0082] (A) Deposit high-Tc superconductor (HTS-1) and 
protective overlayer, etch to de?ne mesas, deposit insulator, 
and remove photoresist. (Side vieW). 

[0083] (B) Top vieW of cluster structure With four mesas, 
after the step A. 

[0084] (C) Etch aWay the trench separating the tWo clus 
ters, deposit insulator, and remove photoresist. (Side vieW). 

[0085] (D) Top vieW of the same Wafer after the step C is 
completed. 

[0086] Remove the protective overlayer and deposit 
the second high-Tc superconductor layer (HTS-2). Spin-off 
photoresist, align carefully, expose and develop, and etch the 
trenches in the high-Tc superconductor (HTS-2) layer to 
separate the clusters. (Side vieW). F) Top vieW after the step 
E. 

[0087] (G) The current path in the structure shoWn in E. 

[0088] The equivalent circuit for the structure shoWn 
in E; each box represents a series Josephson junction array 
contained Within one mesa. 

[0089] (I) A cluster of mesas containing both parallel and 
series connections.(Top vieW). 

[0090] (J) The equivalent circuit for the Josephson junc 
tion array netWork shoWn in 

[0091] FIG. 8 Distributed array of clusters of mesas, each 
containing a stack of Josephson junctions, connected by a 
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transmission line. The distance between clusters is equal to 
)t, the Wavelength of the electromagnetic Wave Within the 
structure. 

[0092] FIG. 9: A schematic representation of four differ 
ent Working con?gurations of the AA-Tunneltron. A tWo 
dimensional array of mesas is shoWn, each containing a 
linear stack of Josephson junctions. Each mesa is controlled 
separately, Where shaded circles represent the inactive 
(switched-off) mesas and open circles represent the active 
(emitting) mesas. 

DETAILED DESCRIPTION OF THE DEVICE OF 
INVENTION 

[0093] In FIGS. 1 and 2 Josephson junction arrays are 
shoWn according to the invention. They are comprised of 
arrays of vertical column-shaped superconducting elements 
(a), each of Which represents a series array of stacked 
Josephson junctions (b), built up betWeen a bottom super 
conductor (c) and a top superconductor (d), both providing 
superconducting electrical contact areas. In the case of FIG. 
2.c., the top superconductor layer (d) is divided into tWo or 
more segments, While in FIG. 2.a'. additionally the bottom 
superconductor (c) is divided into segments, too. These 
segments can be electrically connected in different Ways, 
thus alloWing for optimiZation of circuit parameters (such as 
load impedance matching) as Well as for various control 
modes selected according to the intended use of the device 
as a microWave radiation emitter or a radiation detector. 

[0094] In the case of conventional (loW-temperature) 
superconductors, the superconductor and barrier layers that 
form Josephson junctions are stacked alternately so that 
there is a barrier layer betWeen every pair of superconductor 
layers. 
[0095] In the case of high-temperature superconductors 
mainly chosen for this invention, Josephson junctions may 
also be formed naturally, given a single crystal groWth mode. 

[0096] For the standard devices of FIGS. 1. and 2, the 
bottom superconductor (c) is common for all active ele 
ments, While the top superconductor (d) may be divided into 
tWo or more parts, With every part (segment) of the upper 
contact being provided With its oWn electrical contact pad. 
The number of such segments may be smaller or equal to the 
number of columns Which contain linear arrays (stacks) of 
Josephson junctions. 
[0097] For the devices of FIG. 2.D., the bottom super 
conductor (c) is divided into tWo or more parts, Where every 
part (segment) is provided With its oWn electrical contact 
pad, too. 

[0098] Although arrays With a small number of columns, 
Which contain stacks (series arrays) of Josephson junctions 
are shoWn in the ?gures, any number of superconductive 
elements (columns) can be chosen. 

[0099] For the Josephson-junctions in every active col 
umn-shaped superconducting element, very high numbers 
are achieved particularly With high-Tc superconductor mate 
rials. As each junction is tightly coupled to the next, the 
entire stack Will phase-lock in the emission regime. 

[0100] As explained in the previous chapter IV, high 
temperature cuprate superconductors can be perceived as 
natural superconducting superlattices of SIS . . . , 
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SNS . . . , or SINIS . . . type. Asimple Way to produce a linear 

array of such native Josephson junctions is by fabricating a 
mesa structure such as shoWn in FIG. 3. 

[0101] One can use, for example. Bi2Sr2CaCu2O8, 
Tl2Ba2Ca2Cu3O1O, HgBa2CaCu2O6_2, La1 85SrO_15CuO4, 
etc, in form of single crystals or epitaxial thin ?lms. The 
mesa structures can be fabricated by standard photo-litho 
graphic techniques including Wet etching, ion milling, etc. 
Such mesa structures have been fabricated by several groups 
[Kleiner and Miiller 1994, Miiller 1994, Miiller 1996, Regi 
et al. 1994, Schmidl et al. 1995] and they indeed shoWed 
non-linear I-V characteristics With multiple branches, 
sWitching betWeen branches, and hysteresis, as Well as 
Shapiro steps induced by microWave radiation, and micro 
Wave emission. 

[0102] (ii) HoWever, I-V characteristics and other proper 
ties of these mesa structures have been far from those 
expected for an ideal phase-locked linear Josephson junction 
array. In particular, the observed emission poWers Were 
minuscule, in the pW-region, and hence such Josephson 
junction arrays are of no technological value. 

[0103] This came from three principal reasons: (a) the 
junctions Were not uniform in Ic and RN, (b) the junction 
areas Were large in general, typically about 30x30 ?II12z10_5 
cm2, and (c) the circuits Were not optimiZed for out-of-chip 
microWave emission. In vieW of (a) and (b), phase locking 
Was imperfect, random, and unstable. Native Josephson 
junctions in cuprates shoW relatively large c-axis critical 
current densities (z104-106A/cm2), so such junctions have 
Way too large critical currents, 100 mA or more. Such large 
Josephson junctions have many complex modes of excita 
tion, With supercurrents running in both directions, ?uxon 
motion, etc. While aWare of these dif?culties, researchers in 
the mentioned groups Were unable to signi?cantly reduce the 
junction area, because of contact resistance problems. With 
too large contact resistance there is a substantial heating of 
the junction stack from above, Which introduces non-uni 
formity in critical currents and obstructs phase locking. In 
extreme cases, the Josephson junction array device burns 
out. 

[0104] (iii) Our ?rst improvement over the existing art is 
a method to resolve the above contact resistance problem by 
depositing in-situ superconducting (i.e., Zero-resistance) 
contacts. This method enables making native Josephson 
junction arrays of very small area, eg 1 pm2 and even 
smaller. Speci?cally it also avoids forming of a Weak link 
betWeen the mesa and the top superconducting electrode. 

[0105] (Such a Weak link could introduce a Josephson 
junction With smaller critical current, in series With the 
native Josephson junction arrays, Which could dominate the 
response and diminish the Josephson junction array perfor 
mance). The process is described in FIG. 4. 

[0106] We start by (A) depositing an epitaxial thin-?lm of 
a high-temperature superconductor (HTS-1), such as La1 
ssSr0_15CuO4, Bi2Sr2CaCu2O8, Tl2Ba2Ca2Cu3O1O or 
HgBa2CaCu2O6_2, for example, on a suitable substrate such 
as SrTiO3, LaAlO3, MgO, etc., possibly With one or more 
buffer layers (such as CeO2, Bi2Sr2CuO6, etc.) to improve 
epitaxy. The deposition method can be thermal evaporation 
(e.g. molecular beam epitaxy, MBE), sputtering, pulsed laser 
deposition (PLD), chemical vapor deposition (CVD), liquid 
phase epitaxy (LPE), etc. 
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[0107] (B) Then We cool doWn the sample Without remov 
ing it from the growth chamber, and in this step We deposit 
a protective overlayer (O) on top of the high-Tc supercon 
ductor (HTS-1). This compound should be chemically inert 
relative to the superconductor material, i.e., there should be 
no chemical interaction among these tWo compounds. 

[0108] It should also be volatile, i.e., it should evaporate 
aWay at some intermediate temperature T1 less than the 
groWth temperature TS used for the deposition of the high-Tc 
superconductor ?lm (usually TS=600-750° C.). Examples of 
materials suitable for the protective overlayer are volatile 
metals such as Pb, Sn, Bi, etc., organic molecules, such as 
C60, etc. 

[0109] (C) The ?lm is then removed from the groWth 
chamber and, using standard photolithography, covered With 
photoresist Which is exposed via a suitable mask and devel 
oped to leave openings for etching. 

[0110] (D) The ?lm is then brought into a chamber for ion 
milling, and mesas are de?ned by ion milling through the 
protective overlayer and approximately halfWay through the 
high-Tc superconductor layer HTS-1. It is important that 
there remains enough undamaged high-Tc superconductor 
?lm at the bottom of the trench (say 100 A or more) so that 
there is a good superconducting contact from beloW (the 
bottom high-Tc superconductor electrode). Any other etch 
ing procedure, such as dry or Wet etching, can be used as 
Well, as long as the etching rate can be controlled, so that 
(etching can be stopped before it reaches the substrate and 
disconnects the bottom electrode. 

[0111] Without removing the ?lm from the processing 
chamber, and using the same photoresist, We deposit the 
insulating layer Suitable materials include SiO2, CeO2, 
SrTiO3, ZrO2 or YSZ (yttrium stabiliZed Zirconia), etc. A 
suitable method is, for example, electron-beam evaporation. 
Physical vapor deposition under high vacuum conditions 
ensures directional deposition and should make subsequent 
lift-off easier. 

[0112] NoW We take the ?lm out of the processing 
chamber and remove the photoresist by an appropriate 
solvent (e.g., acetone), lifting off the insulator above the 
photoresist. 

[0113] (G) We bring the ?lm back to the groWth chamber 
and heat it up to the standard high-Tc superconductor depo 
sition temperature TS (say 600-750° C.). Since TS>T1, the 
protective overlayer evaporates aWay, leaving pristine high 
Tc superconductor surfaces at the mesa tops. In this step, it 
is possible to use different reactive gases (e.g., ?uorine) 
Which interact With the overlayer material and etch it aWay, 
but do not react With high-Tc superconductor compound. 

[0114] Finally, We deposit another layer of high-Tc 
superconductor (HTS-2) to act as the top high-Tc supercon 
ductor electrode. Additional processing may include depos 
iting thicker metal contacts on the bottom (HTS-1) and top 
(HTS-2) electrodes, as it is shoWn in FIG. 3. 

[0115] (iv) Our next improvement over the previous art, as 
Well as over the method described in section (iii) above, is 
to use arti?cial rather then native Josephson junctions. For 
that purpose, one can use the technique of doping selective 
unit-cell layers such as described in the literature [BoZovic 
et al. 1994a,b, 1996a,b; BoZovic and Eckstein 1995, Eck 
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stein et al. 1992, 1995]. For example, one can dope With 
Y3+or Dy3+onto Ca sites in Bi2Sr2CaCu2O8, or dope With 
Ni, Zn, or Co on Cu sites etc. 

[0116] Another suitable choice in La2_XSrXCuOy systems 
is to use layers With optimum doping levels (xz0.15-0.2; 
yz4) as high-Tc superconductor layers, and layers With a 
non-optimum value of x (e.g., x=0) as barrier layers. Each of 
this Will generate one or more layers of a high-Tc supercon 
ductor With a reduced critical temperature (To) and critical 
current density (jc), and hence create an arti?cial Josephson 
junction With the critical current (Ic) loWer than that of the 
native Josephson junctions With Which it is in a series 
connection. 

[0117] In this Way, We can also fabricate a stack of 
arti?cial Josephson junctions, since as long as the operating 
current is smaller than the critical current of the native 
Josephson junctions, the latter Will simply act as supercon 
ducting connections betWeen the arti?cial Josephson junc 
tions, and thus be ‘invisible’. By varying the doping levels, 
We can control the normal-state resistance (RN) of the 
arti?cial Josephson junctions, as Well as their Ic. By varying 
their spacings (i.e., the number of high-Tc superconductor 
layers With optimum Tc and Jc), We can vary the degree of 
interaction and coupling betWeen the tWo successive arti? 
cial Josephson junctions. 

[0118] Finally, this modi?cation alloWs us to achieve 
improvements With respect to three additional problems. 

[0119] First, despite our technique of using the protective 
overlayer and removing it in ultra high vacuum, there 
remains a possibility that the surface exposed after the 
protective overlayer is removed may be slightly damaged or 
modi?ed in comparison With the internal interfaces. 

[0120] This could lead to a formation of a ‘Weak-link’ 
Josephson junction, i.e., the very top Josephson junction in 
the mesa may be Weaker (i.e., have loWer Io) than the others 
and hence be the ?rst one to go normal as the current bias 
is increased. We can avoid this by introducing arti?cial 
Josephson junctions Within each mesa With even loWer Ic. 

[0121] The second problem arises from the tendency of 
the ion milling process to produce non-uniform trenches, as 
shoWn schematically in FIG. 5 a. 

[0122] The same is true for other etching processes, such 
as Wet or dry etching, etc., see FIG. 5 b. In some circum 
stances so-called under-etching occurs, and the trench is 
Wider at the bottom; in other cases, it may be the other Way 
around. This indeed affects considerably the uniformity of 
native Josephson junction arrays, as shoWn schematically in 
FIG. 3. 

[0123] Here, We can avoid this problem by appropriately 
placing the active, arti?cial Josephson junctions in the 
middle of the mesa only, thus avoiding non-uniformities 
coming from changes in the mesa Width close to its base, as 
Well as from the top contact. 

[0124] Finally, by increasing RN of the arti?cial Josephson 
junctions in comparison With the native Josephson junctions, 
We can optimiZe the dimensions (i.e., cross-section area of 
the mesas) so that they are technologically accessible, (e.g. 
~1-5 pm Wide), by using standard photo-lithographic tech 
niques. 
















