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SUPERCONDUCTING MATERIAL 
FOR IR DETECTOR ARRAYS 

Executive Summary 

Objective 
Northrop Grumman - along with a major subcontractor at the University 

of Cincinnati - performed a four-year program for the Air Force Research 
Laboratory to develop and evaluate high-Tc superconducting (HTS) materials for 
infrared detector arrays. The use of HTS materials and devices in IR detectors 
was motivated by the very long-wavelength cutoff at the superconducting 
energy gap (~ 40 urn), immunity of superconductors to many radiation 
environments, and very fast response times. In addition, they offered the 
potential for Josephson-based preprocessors with analog-to-digital converters 
(ADC) operating at three orders of magnitude lower power than comparable 
semiconductor ADCs. Such low-power ADCs are an enabling technology for on- 
focal-plane (FPA) digitization of IR images and low-noise transfer of digital 
signals to off-plane image processors . 

TRW and the NASA Jet Propulsion Laboratory have demonstrated an on- 
focal-plane ADC circuit technology with niobium nitride-based superconducting 
ADCs operating at 10K. This low operating temperature limits potential 
applications to a few special types of detectors. In contrast, HTS devices can • 
operate at temperatures up to 77K, making them compatible with a variety of 
detector types. 

The specific objectives of the program were to: 

• Determine the yield and reproducibility requirements for HTS Josephson 
junctions to be used in: 
- two-dimensional arrays as individual detector elements 
- on-FPA Josephson-based readout and digitization circuitry 

• Develop HTS junctions with the required yield and reproducibility 

• Fabricate 2-dimensional arrays of Josephson junctions in various 
configurations to permit an evaluation of their response to IR radiation 

.   Model the response of Josephson arrays to IR and compare with experiment 

.   Develop the integrated circuit technology needed to combine junctions in a 
low-power ADC circuit 



.   Demonstrate the type of circuit needed for on-FPA digitization 

Accomplishments 

The major accomplishments of this program are: 

.   Step-edge-grain-boundary (SEGB) and edge SNS (superconductor/normal- 
metal/superconductor) junctions were developed in parallel in the first year 
of the program. The SEGB junction effort was discontinued in favor of the 
SNS junctions since the spread of critical currents in sets of nominally 
identical junctions were smaller for the SNS configuration. At that point of 
the program, the standard deviation of critical currents for SEGB and SNS 
junctions were approximately 30% and 16%, respectively. 

.   Northrop Grumman demonstrated the first multilayer integrated circuit 
process for digital HTS circuits using the SEGB junction technology. This 
process required that the junctions were fabricated either on or above an HTS 
groundplane. Approximately a year later, Northrop Grumman and 
Conductus, Inc. became the first laboratories to develop the integrated 
groundplane process for SNS junctions and we agreed with Conductus to 
publish our separate papers in the same issue of Applied Physics Letters. 

• SNS junctions with world-best reproducibility (based on spreads in critical 
current) were fabricated with YBCO and related rare-earth-BCO electrodes 
and with several doped-YBCO normal-layers. The range of materials for 
electrodes and N-layers allowed us to model the device physics and compare 
device performance with a standard proximity effect model for S-N 
interfaces. 

• Two-dimensional junction arrays were fabricated and sent to the University 
of Cincinnati for evaluation. We fabricated arrays in both SEGB and SNS 
configurations and in a variety of n x m junction dimensions. Arrays were 
fabricated with both square and hexagonal lattices. Arrays were also 
fabricated with defects (missing junctions) deliberately inserted to allow 
direct comparison of experiment with models of defective arrays. 

.   During the last three years of program performance, Northrop Grumman 
participated in a consortium of the three leading institutions in development 
of HTS integrated circuit technology. Called the "Big Three" by several of the 
Government's technical representatives, the group was composed of 
Northrop Grumman, Conductus, and TRW. The group exchanged technical 
information prior to publication on a schedule with intervals never longer 
than 3 months. We developed standard test vehicle designs, automated test 
routines, visited each others laboratories at least once each year, exchanged 
samples, and compared processes. The result was a greatly accelerated rate 
of progress. 



.   This program produced the HTS digital circuit with the highest reported 
junction count. It was a 4-bit counting A/D converter with 39 HTS junctions. 
The counting ADC architecture consists of an input quantizer followed by a 
chain of toggle flip-flops - four, in this case - that can be read in parallel to 
produce a four-bit count proportional to the input signal strength. All 39 
junctions, the quantizer, and all four toggle flip-flops functioned in our 
circuit. 

Contents of This Report 
Detailed descriptions of the accomplishments of the program are 

contained in the appendices of this report: 

• Appendix A: Project-Supported Publications 

• Appendix B: List of Project-Supported Presentations 

• Appendix C: Project Personnel 

.    Appendix D: University of Cincinnati Report: Transport Properties of HTS 
Junction Arrays 



Appendix A: Project-Supported Publications 

The technical effort reported in most of these publications was supported 
wholly or in part by USAF Contract No. F33615-93-C-5355. Several of our other 
publications are included here in the cases of review articles or because the effort 
derived from the USAF program. 
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sephson effects at temperatures compatible with reliable, low- 
cost refrigerators. In this article we discuss the more common 
««roaches to HTS junction fabrication and optimization, 
with a focus on potential digital circuit applications. 

Introduction to Josephson junctions 

According to the Bardeen-Cooper-Schreiffer (BCS) theory of 

superconductivity, the electrons in a ^Pfrcondu.ct°r.^ 
weakly bound into Cooper pairs and can be described mathe- 
matically by a complex wave function with spatially depen- 
rnTamphtude and phase. The fact that all of these electrons 
occupy^ macroscopic quantum state leads to several profound 
properties of superconductivity, such as zero resistance, quan- 
tisation of the magnetic flux threading a hole in a supercon- 
ductor and the Josephson effects. . 

^pieces of superconductor, each characterized by their 
own wave function, are brought very close together, but sepa- 
rat by a thin insulating layer, then the two wave functions 
can overlap. It was predicted by Brian Josephson (1) that this 
overiap would lead to novel phenomena associated with the 
dSationless tunneling of Cooper pairs through the ixisulat- 
fng baSer. The first of these, the direct current (dc) Joseph- 
son eflSt is that a dc current can flow through this "Joseph- 
son Son" without the appearance of a voltage drop across 
Se unclion, and furthermore that the magnitude of this «su- 
nercurient» is a function of the phase difference between the 
fwo erodes. The maximum value of the supercurrent is 
clued thl critical current, J„ Josephson's second prediction 
was that if a dc voltage were applied across the Junction then 
The nhase difference would evolve at a rate proportional to 
he voltage, leading to a time-oscillating Cooper pair current. 

This is the alternating current (ac) Josephson effect. 
Most of the above discussion can also be applied in cases 

where tiJo superconducting electrodes are separated not by 
in Suitor, Jut by other nonsuperconducting or weakly su- 
nerconducting regions. These include normal metals, semicon- 
JSMS« extremely narrow superconducting constnc- 
ducttirs or Josephson devices is generally 

Swn^ »weÄ HnW' and essentially all HTS Josephson 
E being developed fall under this heading. In particular 
thTuse of a normal metal, or of a superconductor above its 
ransSon temperature, is the focus of much ofthe»develop- 

ment work, and thus ofthe discussion in this article. 

HTS JOSEPHSON JUNCTION DEVELOPMENT 

Josephson junctions are the fundamental building blocks for a 
variety of superconducting electronics applications, including 
hSspeedTw-power digital logic, and sensrtive magnetic 

S^igh-f^^^ 

below) While low-temperature superconductor (LTS) Joseph 
«nTiS technology is well-developed, hi^mperati.e 

A „f«,. mTS) Josephson junctions are still relatively 
2££TSS2S5-i HTS junction fabrication 
IZs are in pn*ress «no to the possibility of apply«* Jo- 

HTS versus LTS Materials 

Fabrication of HTS Josephson junctions is complicated by the 
laSsproperties of the high-temperature superconduc- 
torf Sw-temjerature superconductor junctions are typically 
m?du£I Sing polycrystalline metalhc Nb as the supercon- 
ductor InccXU the new HTS materials are multicompo- 
nent   eramic oxides with four or more elements^™* «£ 

atSranSotropic, with higher critical current densities and 
fong" superconducting coherence lengths Parallel to fte 
Cu02 planes. The superconductive coherence ength is the 
characSristic length over which the Cooper pair density de- 
cays 2 for example in approaching an interface between a 

I 
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 A„Mjnr and a normal metal. It also corresponds to the 

rssÄSd^*» °f the tw° eiectnr whitmak: I rJZ nair For a clean material (mean free path much 
7 r/n coherence length) it is given by the approximate 
]:Zl^r-^vrfkBt,^ere vT is the Fermi velocity 
and7the superconducting transition temperature 0) In 
^ntirto most LTS materials, the coherence lengths in the 
o"d sup^rnductors are on the scale of atomic dimensions 
?~30 Ä oaSlel to the copper oxide planes, and ~4 A perpen- 
dlclt Äplanes). Since damaged layers thicker than the 
SrenS length result in degraded superconducting proper- 
°i See cCing and film growth at device interfaces are 

especially critical in the HTS materials. 
^£n unlike in most low temperature superconductors, 

K Varies in the HTS oxide superconductors lead to 
T^tiSc^eS densities, and in fact can behave like 
To Sson^tiWsee the section entitled "HTS Josephson 
Junction Types"). Because of the anisotropy and gram bound- 
an problemTassociated with the high-temperature supercon- 
du^tors SLial (single crystal) HTS films grown at high 
temperatures (650°C to 800°C) are required for many apphca- 
«;T H gh-temperature growth and the need to maintain 
Wh epiSal quality in each layer of multilayer structures 
make function and circuit fabrication considerably more 
complex than the corresponding LTS processes. 

Selection of YBCO for HTS Junctions 

Nearly all Josephson junction development in HTS materials 
Ss been based on YBCO or nearly identical compounds with 
another rare-earth element in place of yttrium. The supercon- 
ducting Stical temperature, Tt, for this family of compounds 
ducting en« v advantage of using YBCO 
ToZred Äher HTS material families is the low volatil- 

°y oPfall in elements which permits films to be grown m 
1 »inrfe rteo from a source-for example, a laser ablation tar- 
^ÄS^t-get-ftbric.ted with a stoichiometnc ra- 

ti0T°f Ä fits onÄsfemilies with the highest crit- 
• i jSZ£n«T Tl-Ba-Ca-Cu-0 (TBCCO) and Hg-Ba- 
ra C? 0 (SCO), are typically prepared in a two-step 
nrTcess in which a Tl- or Hg-deficient as-deposited film is an- 
nexed to the point of partial melting in a container sealed to 
SnThieh pressure of Tl or Hg vapor. Although grain 
K L™ functions can be formed by using this techmque 
SSSsubstrSes or substrates with patterned.steps, 
Hs not«tendible to multilayers. In the case of the B,-Sr- 
n n nfflSCCO) or Ba-K-Bi-0 (BKBO) famihes, films 
IS;^™™ sTngle step, but the volatility of K and Bi 
u    K^ttpd film reproducibility and has discouraged junction 

£££££ * ™cc°- ?BC=°Sr™ScwSch terials are also more highly anisotropic than YBCO, which 
Sduces additional complications in 3-D structures. 

Basic HTS Josephson Junction Characterization 

The current-voltage characteristic for an ideal Josephson 
IfnXn described by the Resistively-Shunted-Junction (RSJ) 
J A s Sown in Fig 1- The RSJ model adequately describes 
XÄrTmany HTS junctions, as explained in more 
detaS inTe section entitled «Josephson Effect." The primary 

\Snn Parameters of interest are the critical current, Ie, the 
SSTrS-stance, *- and the product of these two fac- 

b —i 1 1       I   S/\ 

4 

u 

c 
CO 
k. 

3 
o 

3 

2 - S^ - yS/ Slope =A//AV= MRn 

1 
s 

s 

U< 
S       I           I           '           I           1 

)'        1          2          3         4          5 
Voltage (V/JcR„) 

w.. 

■•->■ 

Üfr 
Figure 1. Current-voltage characteristic of a Josephson weak link^ 
in the zero-capacitance limit, without thermal noise, showing defining 
tions of the critical current, 7t, and normal resistance, RB. The dashed,; 
line is the high-current asymptote of the 7-V curve. 

tors, I<RD. The critical current is the maximum current that|; 
can flow" through the junction without a voltage drop, whilef, 
the normal state resistance is given by the inverse of the slope| 
of the 7-V characteristics at a few times /„ as shown in Fig. 
1. Rn is due to dissipation in the device, for example, by cur-j 
rentflow through the normal metal in a superconductor/nor^ 
mal metal/superconductor weak link. 7e and R„ are often ex# 
pressed in terms of area-normalized quantities: the critical;; 
current density, Jc = 1JA, and the resistance-area product^, 
7?„A. Characterization for an HTS Josephson junction typ^i 
cally includes (a) measurement of the current-voltage (7-V)s 

characteristics as a function of temperature and (b) measure- 
ment of 7C modulation in a magnetic field. In some cases, the|; 
7-V characteristics are also studied under microwave irradia|| 
tion as a measure of the ac Josephson effect. In a weU-;f 
behaved HTS junction the 7-V shape will show the concave^ 
up curvature consistent with the resistively shunted junction^ 
model. The temperature dependence of Jt and R„ gives inforj^ 
mation on the nature of coupling across the Josephson junc|| 
tion (e g.  proximity-effect coupling or tunneling), while the|; 
dependence of 7C on magnetic field provides a gauge of tbe| 
uniformity of Cooper pair transport across the weak linKg|; 
More comprehensive Josephson junction studies can also inf| 
elude determination of the Jc dependence on tunnel bamer oj| 
interlayer thickness, as well as measurement of Je unifornntgg| 
across multiple junctions on a chip (important for circuit ajp| 
plications). .%%k 

m Survey of Junction Configurations 

Josephson effects in HTS materials were first observed at najj 
urally occurring grain boundaries in films and in weak unK|| 
between two HTS samples created by either breaking ai samp 
pie in vacuum and coupling across the vacuum gap or bnngj| 
ing two pieces in contact and coupling through a surface laye|: 
that was degraded by reaction in air. Most of the configurjj 
tions used since that time to fabricate junctions with contrtp 
lable and reproducible properties are shown in Fig. 2. AH « 
figurations require epitaxial films to prevent natura^fe 
occurring and randomly placed grain-boundary Jnnct«>n|r 
from interfering with the engineered junctions. The fill P*% 
tern for HTS film layers in Fig. 2 indicates the orientation^ 

Cu-O planes. 
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o ThP «ride ranee of fabrication methods for HTS Josephson 
?*"* :2 bTLTyg^uped into four classes: grain boundary 
?r d^ÄdTuition«. deposited-interlayer junctions, 

Zt^ZS ^1^.^^approaches™ thouf' 
^JeTSromising for applications requiring more than a few 

junctions. 

' V The junction configurations shown in Fig 2 are grouped 
in toe four categories of grain-boundary weak links, damage 
^Lns deposited interlayer Junctions an «£*"*£ 
The chronology of development was that single-HTS-nlm con 
Rations tlSt did not require special substrate^atmente 
were explored first-for example, the junctions in Figs. 2(c) 
?f) and 2U). These were followed by more complex processes 
XÄL« were fabricated to I^^J™^ 

• ^„r, ^.irinp HTS film growth as in Figs. 2(a), M», ana 
{£"££ the confi^ationfTn Figs. 2(d), 2(h), andI 2(i) are 

didate structures soon after discovery of HTS, but develop 
ttt dTnot begin until multilayer growth and patterning 
techniques were developed. 

Application Requirements 

The key electrical parameters of an individual junction, which 
determine its suitability for a given application, are princi- 
pally its J« and RN and secondarily such parameters as capaci- 
tance C and inductance L. For applications which require 
many junctions, such as digital circuits, the uniformity of 
these parameters is of critical importance, while for sensor 
applications, such as superconducting quantum interference 
devices (SQUIDs), low intrinsic noise is a key characteristic. 

For digital circuits a number of constraints dictate the 
range of parameters required. First, the product of 7 and a 
Sal gate inductance L, should be not much more than a 
flZ quantum, «2.07 X 10"« Wb («2.07 pH-mM Since it is 
difficult to fabricate gates with inductance less than about 4 
nH in HTS (see the section entitled "Circuit Integration ), 7 
can be no more than about 0.5 mA At the same time, 7t 

should be large enough that the Josephson energy, MJ2e, is 
muchlarger (say by a factor of 100 to 1000) than the thermal 
STOS. otherwise there will be too many thermaUy in- 
dSer^neous switching events. For operation at 40 K this 
dictates that 7C be greater than 0.04 mA to 0.4 mA. At the 
fat timt tWproduct of 7C and * establishes ti,e—n, 
reliable operating frequency of the circuit, 2elfljh. For Jo 
sephson devices to be competitive, this frequency must be at 
etttens of gigahertz. This -a-that 7^ must be greater 

than approximately 0.3 mV, and RB must be of order 1 fl to 
10 fl While different arguments are applied for sensor appli- 
cations of SQUIDs, such as magnetometry, the resulting re- 
quirements for 7C and 7?„ are quite similar. 

JOSEPHSON EFFECTS 

The dc and ac Josephson effects introduced in the section 
entitled "Introduction to Josephson Junctions" can be stated 
mathematically as follows: 

(la) 

(lb) 

(10 

6 = 02 - ei 

7 = 7csin(ö) 

V     2edt 

where ft and ft. are the phases of the wavefunction in the two 
dectrodes. In the presence of a magnetic field, with vector 
potential A, Eq. (la) is generalized as follows: 

e = e2 ■01 +-r I  A 1      h Ji 
dl (Id) 

I 

where ft and ft refer to two specific points on opposite elec- 
ts, and the integral is taken along a straight line between 
those two points (1). While the phase difference across the 
un tioTcannoTbeErectly measured, Josephson's predictions 

have seveXeasurable consequences. For example, as a re- 
sS tie periodic dependence of supercurrent on phase dif- 
ference and the field-dependence of the phase difference 
riven by Eq. (Id), the critical current of a spatiaUy extended 
Son Spays a dependence on the magnetic field de- 
sSbed by the Fraunhofer pattern characteristic of single-sl.t 
dSrSion in optics: 7C « |sin(*/*0)/*|, where * i. the mag- 
nXmS through the junction and 4>0 = h/2e is the supercon- 
ducting fluHuan^^   ac Josephson effect is responsible 

8 
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<  Current-voltage characteristics of a YBCO/Co-YBCO/ 

effect. 

f Ql,»™ro steps which are constant voltage steps in the 
for Shapiro steps, w ü     .    the presence of micro- 

/-v ^rX^^^^ ^ avera*e voltage 
^^SSÄfSue. such that the oscillation fre- 
across the J^~ n ent is a multipie of the frequency of 
quency of the supercurr ^^ ^ ^ definit]0n 

^^ÄrS.«i a precisely known frequency 
f ^%ti a AC across a series array of many junc- to generate a fixed voreag steps induced 

resistively and ^SSSSt 

small «P^^'£S23)1^3q:S) and shunts it with a 
sephson elemen^^TlS resistor models the .path by 
Ttauala^Src-ss the junction. For HTS junctions we 

Ä^^^ a hyperbolic shape for 

the I-V characteristic: 

V = 0   forI<Ic 

V=ÄnV/^r^       for/>/= 
(2) 

u v i« the time average of the instantaneous voltage, 
vm'wHcJSlS -t the Josephson frequency with amph- 
Tt 7l^ed behavior is illustrated in Fig. 1. In the pres- 
Tnc: ff^malnoise the sharp voltage  onset at It is 

smeared out. 

HTS JOSEPHSON JUNCTION TYPES 

A A c^rihed in the section entitled "Survey of Junction Con- As described m^these ^ hson junc. 

^:TLX^ro^re^w%y easy to fabricate HTS 
A> * JwcVexhSt Josephson effects, with the technology 
devices whl* ™cation

P
from naturally occurring grain 

ÄÄ-w« -d dep°sited interlayers- How'( 

ever it has proven difficult to meet the requirements of some 
of the more demanding applications. For example, single flux 
quantum (SFQ) digital circuits require junctions with high 
resistance, high IJRB products, and l-a It spreads less than 
10% No junction technology to date has consistently met 
these constraints. At present the most widely vised HTS junc- 
tions are grain boundary weak links and SNS edge junctions 
with doped YBCO interlayers. The grain boundary devices 
have excellent characteristics but relatively poor lc spreads, 
while the SNS edge junctions are more difficult to produce 
but appear to be the most viable candidate for fabrication of 
complex circuits. 

Grain Boundary Junctions ^ 

Naturally Occurring Grain Boundary Junctions. Within a few:;; 
months of the discovery of YBCO, Josephson effects were^ 
measured in bulk ceramic samples. An example of these mea- 
surements can be found in Robbes et al. (2), where a polyciys- 
talline ceramic pellet was bonded to a glass slide, polished to 
a thickness of 0.25 mm, and constrictions were engraved to 
pattern a dc SQUID. Shapiro steps and modulation of the crit- 
ical current by a magnetic field were observed. 

Although randomly oriented grain boundary junctionsjn 
polycrystalline material are too poorly controlled to be practi- 
cal for electronics, they are the most important obstacle in 
fabrication of HTS conductors for carrying large currents for 
large-scale, high-power applications. Many of the possible, 
mechanisms for weak link formation at grain boundaries,;; 
such as impurities or second phase formation, have been elim- 
inated by careful synthesis. However, the grain boundary con- 
tinues to be the subject of research on topics such as the rela- 
tionship between local strain fields and oxygen deficiency (3).; 

Bicrystal Grain Boundary Junctions. Dimos et al. (4) were the 
first to fabricate grain boundaries in HTS materials with con, 
trolled angles of misalignment. They cut and polished bulk, 
SrTi03 single crystals with symmetric [100] tilt boundaries^ 
The two crystals were sintered together with parallel  001. 
axes. The bicrystal was then cut and polished to obtain PW 
surfaces for growth of epitaxial c-axis-oriented YBCO fiHnig. 
At least on a macroscopic scale, the misorientation angle in:. 
the basal plane of YBCO matched the misorientation angle ^ 
the SrTi03 bicrystal. M. 

The bicrystal experiments elegantly quantified the need ng^ 
biaxial alignment in YBCO high-current conductors by defflg 
onstrating the rapid decrease in Jc with increasing e™f*>£t. 
alignment. They also provided a route for synthesis of: gra% 
boundary junctions, so-called bicrystal junctions   ™* «& 
trolled misalignment between grains and controlled placj 
ment of junctions along a single line. Strontium tjtanatebfe 
crystals  with  24°  and  37°  tilt rotations-angles  where, 
particularly well-defined, clean interfaces can be formed-a| 
commercially available. . 4 

Bicrystal junctions are still in use for low-junction-coutf 
applications, usually where an integrated HTS groundplart 
is not required. Specifically, most commercially available *. 
SQUIDs are fabricated in this way. Bicrystal junctions a|. 
the simplest and least expensive way for a university labor* 
tory to pattern a few junctions for research. However, in ad<| 
tion to the obvious disadvantage imposed by placement f 
junctions along a single line, junction uniformity has x| 
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* *,*A the level obtained by other junction configurations. 
rS Cerent explanations for the lack of uniformityare 
^ron the observation that the junction interface meanders 
■ÄSÄSte bicrystal boundary on a microscope scale 
£ YBCO grains overgrow the boundary from each «de. 

Biepitaxial Grain Boundary Junctions. Biepitaxial junctions 
Biepitaxia , iunctions in which the bicrystal tern- 

?,' SSÄSÄprovided not by a bulk bicrystal 
*w£Äby" the tendency of particular buffer layers to 
substrate out   y orientations depending on the 

*" 7, ortbsence of an intermediate "seed" layer. The first 
^r pnteSn was by Char et al. (5), who observed that 
SoTouS Zw on «-plane sapphire, AWW1102). when 
SiTiOsCOOl) grew J ^ parallel directl0ns, 

?rn7nOWA103U120]. However, when there was an 
Se^rpresent, the in-plane orientation was 
Ä00WMgO[100]//Al2O,[1120]. So, by patterning the 
S2, layer witrconventional lithography, 45= grain bound- 
S In the SrTiO3(001) buffer layer could be placed in arbi- 

^hPe°rSiclnbinations of substrates, seed layers, and buffer 
,ftV^ were later found to work. All of them had in common 
ShToriginal concept that the materials were oxides with 
£milar"Sstal structures and large lattice mismatches so 
Svl timls one lattice constant provided as close a match 
•^I!£7n olane rotation as could be achieved by cube-on- 
£ growth E*e virtue of this technique compared to 
otystel junctions is the ability to arbitrarily place gram 
K*m, iunctions on a mask, its disadvantage is that 4o is boundary junctions on ^ ^ ^^ .^ 

^A" his tge angle, /A products at 77 K were on the 
• T; nfVust 10 aV to 20 MV and critical currents per unit order of just 10 MV to   J. Although  some 

Se has been little work on their integration with an HTS 
groundplane for digital circuits. 

Step-Edge Grain Boundary Junctions. When a c-axis YBCO 
mm is grown over a sharp step in a cubic (or nearly cubic 
auLraS or deposited insulator, the YBCO grows such that 
£ cSiTs perpendicular to the local principal crystalline 
aSs oTthe^ubVtrate material (6), forming a pair ograin 
Sdailes <at the top and bottom of the step), which behave 
electrically as one or two Josephson junctions. Figure2(b 
Iw the simplest example, where each grain boundary (GB) 
L of he syTmetric, (103X103) type. Figure 4 shows a trans- 
mission eStron micrograph of a cross section of such a 
toundary formed at the top of a step in a single-crystel 
Substrate. In practice the^= Giften ~ts of a 
mixture of orientations, including (010X001). 

Such devices show I-V characteristics with rather ideal 
RSJ shape and they also show the signatures of true Joseph- 
^beharior. including critical current modulation with field 
Sough often nonideal), Shapiro steps, ana the emission of 
Whson radiation. Values of Jc are fortuitously close to 
Z requi ed for digital and SQUID applications ,n the 65 
H, 77 K ranee with /A values of up to several hundred 

iLTrfkc?) Eleclrical characteristics, and stability 
A  IcUngar  improved by paying close attention with thermal^^"g F ^ uge of wn 

XTh a^ytaTd mLk, such as amorphous carbon. 

7#Ti ww 

2000 A 

LaA103 
'////. substrate .. 

R1M92 00110! 

Fimire 4. TEM cross-section of the upper, symmetric grain bound- 
ary in a step-edge grain boundary »^J^ff**^ m * 
LaAlOo substrate. (Courtesy of Claire Pett.ette-Hall of TRW.) 

While there have been reports of sets of such junctions with 
Jc spreads as narrow as 5% (1-cr), typical spread values are 
SO* or above making the long-term viability of this junction 
ectnlque fir'complex circuits doubtful. For SQUID. tMs is 

not an issue; and the simplicity of fabricationalongwith the 
low measured noise of such junctions, makes them attractive. 
Their incorporation into multilayers is relatively straight- 

f0rThednature of the Josephson junction in this geometry is 
controversial. For example, GBs similar to those observed in 
step edge junctions have been deliberately fabricated in pla- 
nar YBCO films, by the use of seed layers to control film on- 
entation (see the section entitled «Biepitaxia Grain Boundary 
Junctions»), and have been found to not exhibit weak link be- 
navtor. Also, while some of the most definitive wor: onrties 
junctions has attributed the weak link to a (010X001) GBl at 
the bottom of the step (6), recent measurements whichL probe 
the GBs individually (by use of a narrow ™^*™* 
by shadowing, along the step face) suggest that it is the sym- 
metric GB at the top which is the weakest. 

10 
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Damage-Induced HTS Josephson Junctions 

Ion-Damaged Weak Links. Weak links based on ion damage 
can be classed into two categories: (i) single-layer devices in 
which a focused ion beam (FIB) creates a weak link [Fig. 2(c)]; 
and (ii) multilayer structures where ion surface damage of a 
base electrode produces a Josephson junction after deposition 
of a counterelectrode [Fig. 2(d)]. FIB junctions have been pro- 
duced by a number of groups including Zani et al. (8), who 
used a 300 keV Si ion beam. The main attraction of the FIB 
approach is its relative simplicity, since only a single HTS 
film is required. However, because the typical FIB spot size 
is much greater than HTS coherence lengths, weak link be- 
havior in these devices is presumably due to local variations 
in damage which lead to a parallel array of filamentary con- 
nections across the damaged region. Consequently, FIB-de- 
fined weak links often show nonideal I-V characteristics, as 
well as excess SQUID inductance. While this technology has 
produced high-resistance junctions and working SQUIDs up 
to 60 K, it has been largely superseded by other junction pro- 
cesses. 

The second type of HTS Josephson junctions based on ion 
damage rely on ion bombardment at relatively low energies 
to create surface damage on a base electrode, which is then 
overlayed by an epitaxial counterelectrode. Work in this area 
has included room-temperature oxygen-argon and oxygen- 
fluorine-based plasma treatments (9), as well as low-energy 
Ar and Xe ion mill processing (10). The surface ion damage 
approach avoids the complication of a deposited interlayer 
and has produced high-quality Josephson junctions with IJiB 

products up to 250 fiV at 77 K. However, the weak links 
working at 77 K also typically have current densities and re- 
sistances which are not well-suited to digital and SQUID ap- 
plications (Jc > 105 A/cm2 and R„A < 2 x 10"9 fl-cm2). More 
recently it has been found that radio-frequency (RF) plasma 
exposure at 400° to 500°C can produce higher resistance weak 
links with Jc 1-cr spreads as small as 8% at 4.2 K (11). 

Electron-Beam-Damaged Weak Links. Electron-beam-dam- 
aged junctions are fabricated by writing a line across a nar- 
row, 2 /am to 10 pm wide bridge with an electron beam in a 
transmission electron microscope with 120 keV or 350 keV 
beam energies (12). The electrons are thought to disorder oxy- 
gen ions located in the chains of copper and oxygen which are 
present in YBCO. The higher damage energy, 350 keV, re- 
sults in a weak link that is stable at room temperature, 
whereas disorder caused by 120 keV electrons starts to heal 
even at room temperature. In either case, the evidence for 
oxygen disorder is mainly found in (a) the annealing behavior 
of these junctions which tends to a recovery of the initial, un- 
damaged bridge properties over time with temperatures 
<400°C and (b) energy barriers of 1.1 eV which are character- 
istic of the chain oxygen sites. 

Targeted junction properties can be achieved by adjusting 
the total damage dose and the junction length. Critical cur- 
rent modulation in a magnetic field indicates that the damage 
is uniform compared to the scale of the junction width. The 
most sophisticated digital circuit demonstrations that have 
been performed without integrated HTS groundplanes have 
used this type of junction. A possible long-term limitation of 
any sequential process of writing to form junctions using ei- 
ther electron or focused ion beams is that writing time can 

11 

become significant as circuit complexity and junction counts ■ 
increase. The special equipment required, the lack of junction? 
stability, and the fact that groundplane integration has noti 
yet been demonstrated are other probable reasons why thislf 
technique has been used in university laboratories but has" 
not been adopted by industrial labs. '$. 

"Poisoned" Weak Links. An alternative technique for weak-;§ 
ening a small area is to dope an HTS film with a small patch | 
of a material that degrades the superconducting properties:-! 
In the example of Simon et al. (13), a 10 nm thick, several-»:! 
micron-wide Al stripe was patterned on a substrate before de-|| 
position of a 200 nm thick YBCO film. A weak link formedg 
where a bridge patterned in the YBCO film crossed the Al j 
stripe. The Al dopant depressed the critical current of thefl 
YBCO by two orders of magnitude. if. 

This technique has the benefit of a simple fabrication pro-i 
cess but has not been used in recent years. It is included here! 
for completeness and to illustrate two of the factors that in-: 
fluence junction reproducibility: control of bridge length and 
control of interface thickness. Since the ideal length of a cou- 
pling region between YBCO banks is no greater than tens of 
nanometers, it is preferable that the length is determined by 
a reproducible scale such as a film thickness or step height 
rather than the width of a patterned line. The deposited inter- 
layer junction configurations described below are designed to 
use these better-controlled length scales and to maintain a 
thinner interface layer between undamaged YBCO banks and . 
a more weakly superconducting region than one can achieve 
by an interdiffusion process. 

Deposited-lnterlayer Josephson Junctions 

Step-Edge SNS Junctions. Like the step-edge grain boundary 
(SEGB) junction, the step-edge SNS junction is formed at a 
step, either in the substrate or a deposited insulator, but in 
this case the deposition is performed directionally, from bej 
hind the step, so that the YBCO is discontinuous. This discon^ 
tinuity is bridged by an in situ deposited noble metal such as 
Ag (14,15), making the nominally SNS structure illustrated 
in Fig. 2(g). A cross-sectional scanning electron micrograph of;, 
an actual device is shown in Fig. 5, which clearly shows the; 
YBCO to be discontinuous across the step. In practice the re-, 
sistance of such a device is dominated not by the normal 
metal itself, but by the interfaces with the YBCO. By using af 
directional ion mill from behind the step, it is possible to reg. 
move most of the normal metal, leaving only that which i{£ 
shadowed by the step. In this case, fin can be as much as 1JH 
ft, and IJt» as high as several millivolts, at 4.2 K. Usefu£ 
SQUIDs operating at 77 K, with either "flip-chip" or inte^ 
grated pick-up coils, are routinely fabricated, with modulation 
voltage of several microvolts. Statistics for large numbers of 
junctions are not available to evaluate the critical current 
spreads. The directionality of the fabrication process means 
that this junction type does not scale well for complex circuit 
fabrication. 

Edge-Geometry Weak Links. The HTS edge-geometry weak 
link is also known as an edge junction or ramp junction and 
is shown in Fig. 2(h). This structure typically consists of • 
c-axis-oriented HTS base electrode film overlaid by a thick 
insulator (not necessarily epitaxial) with an edge produced lOj 

%? 
•%■ 



"'S!?*: 

HTS JOSEPHSON JUNCTION DEVELOPMENT 231 

^ 5. Cross-sectjona 1 ^^^«^t^- 
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S?Ä£ SSir-f Mark Dilorio of Magnesensors Inc.) 
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,    - n;„CT m- more rarely by wet etching. An 
the bilayer by ion ^J^Ji^ii on the exposed 
epitaxial normal meü "J^IXrning of the HTS countere- 
^f °S fflraSÄ^n figuration is the most 
lectrode. The^S edg^ h, be«« this geometry 
widely used HTS junction   PP fact ^ the 

«fcrs a number of advantages  m g        rfaces are lo_ 

critical s»l*™d^"™:lZ£l surfaces of the super- 
«ated on ^0^f^ZTSr,ctnre also enables the 
conducting electrodes. The *«& conventional pho- 
fabricationofvery-small-jrea^esu ' ^ ^ ^ 
tolithography because «me of the de- ^ 

„iued by the *«*«■■£,*£■££ of uniform sets of high- 
ly, however successful*abncat^ ^ ^ 
quality SNS^edge junctions■•^^F                  ^^ to 

^ ed8?nSuSSÄL^ counterelectrod, and 
avoid grain ^^T^ independent of edge orientation 
fC edgC fcSTay^t T^Vmost common approach to edge 
for ease of circuit layout. substrates and 
formation uses argon ion miUmg d<j ^ 

a tapered &?^J^J££ca«*JL^ is also 
,fore growth of the "^^ ^-energy ion milling or by 

^^ ^SÄuÄorlmSe in alcohol, 
etching in a dilute (<UW so j    } the edge junc- 
i   Aswithtnlaye^^on^to fbaseelectrode> 

'^T^ÄS^co««,*«!««^ which places 
formal metal «terlaJ"'     , interlayers. Suitable interlayers 
tight constraints ^/^^HTS electrodes, grow without 
must be tat^f°tS^ «Stible with the superconduc- 
tors and be«^J^^. necessary for epitaxial 

;PrBa2Cu307 (PBCU) or ID     j;terlavers Note that the inter- 

layers are often "«e"~ ™ (pBC0) „ sup,„ondiictora op- 

J_V characteristics for a set of Co-doped YBCO edgejun^ 
tions produced at Northrop Grumman are shown in Fig_ 6 
STTTnormal metal layer is 50 A of YB-Cu,^07. For 

ihis chip the average{^^S^i? "ÄK--" 

Ü X TR^
C- 7" X 10-nW vSh l-«r =6% Ä = 0.97 

nT'vle* which anÜ for small-seal* SFQ circuit ap^ 
5 cSons Note that this resistance value is surprisingly h gh 
£ SNS unctions, as will be discussed - -ore Retail m  h 

T       *>i««i «Advanced Issues." As shown in Fig. 7, the 
S3 cuS mtdulation L edge-geometry weak links can 

rihe idSlv expected |(sin x)lx\ behavior, indicating 
&StJ^^Z^ transport through the norma 
S "yer (m Good results have also beer^oMained for 
junctions utilizing PBCO and Ga-dop d ™»J*J*JJ 
For example, Verhoeven et al. (1») nave prouuwsu * 
PBCO edge junctions with IA products up to 8 mV at 4.2 K. 

1 1 1 1 1 1 1 1 ' ' ' ' 1 ' ' ' ' h 
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20 

YBCO, and the junction resistance is 1.1 »• 
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The data suggest that transport in these devices takes place 

by resonant tunneling. 

aToeLe. filing and insulator layers Th,s »PPro.*J. 
closely resembles the highly successful LTS Nb-Al^ tunnel 

J^o^SÄJ can lead to unacceptably low values 
of J? Tn many SNS processes, as well as a greater sens.tmty 
twErTSias pfnholes. Some of the earliest workinHTS 
o *~i i^forlnvpr weak links utilized c-axis oriented YBCU 
^S^S^So\^^ (19). Researchers at Var- 
ant^e usTd a molecular beam epitaxy approach to engineer 
^s layers on a layer-by-layer basis (20). Most recent 
stX of trilayer junctions have focused on a-axis-onented 
Tnol) oriented trilayers due to the longer superconducting 
S2STÄ P-iel to the a-t ^chtapn- 
pie should lead to larger /A products. While it s not) clear 
now an a-axis trilayer epitaxial wiring "f«^^^ the «riaiÄS s: $s£%r£z 
räcrsXrrcii) hte .»«-»« a»***- «3 

actions with 350 A PrBaCuO interlayers that exhibit RSJ 

junction), as well as sensible magnetic field modulation. 

Planar or .n-Line Junction, These, junctions, grated in 
Fig 2(j), consist of a narrow gap «1 A«n) in a YBCO fim 
bridged by a normal conducting film either situated below the 
TOCO or deposited on top after the gap is etched by typical^ 
a focused ion beam. The normal layer is usuaOy Aui or^Ag 
f w! tL YBCO) or PBCO (above or below). While the hoi- 
maTmeU c^erence length of Au is long enough that gaps of 
Tdert- should support a critical current, the estimated 

i ;L nf e for PBCO and similar materials are so short that 
t::£?*ls™£ as 0.1 „m should not exhibit a critical 
™ent The fact that they do has been used as evidence to 
3est the existence of a «long-range proximity effect in 
SrlteriS, although the existence of this is controver- 
SS For example, it is possible that the critical current is 
nartlv due to YBCO not fully removed from the gap. 

^ere is little data on the reproducibility of these devices, 

buUt" enerally believed that they ^™**£^& 
T „««„« rpmiirine many junctions. In addition, their 

3E5£Stivel/nonideal, often editing large 

excess current for example. 

Microbridges 

If a superconducting bridge is made with a width comparable 
to the coherence length, £ it behaves as a Josephson junction. 
SinceHs only a few angstroms in YBCO, this is not a practi- 
S" way to make a Josephson device. However if a bndge is 
£dlLn £ but still less than the penetration depth A, it can 
Shi in many ways as a Josephson junction, for example, 
exnSinglsLt voltage steps in response to applied mi- 

crowaves, in this case as a result of magnetic field vortices 
moving across the bridge in synchronization with the micro- 
wave field. As such they may be useful for SQUID applica- 
tions, but not for SFQ circuits. 

These devices have been fabricated both in the a-b direc- 
tion [Fig. 2(k)], using focused ion beam etching for example, 
and in the vertical direction in a c-axis film [Fig. 2(1)]. The 
latter case is interesting in that the corresponding penetra- 
tion depth is long enough (~1 /xm at 77 K) that conventional 
photolithography suffices. The c-axis microbridges have dem- 
onstrated encouraging h uniformity [13% for a few devices 
(22)], although critical currents are typically somewhat high, 
and resistances low, compared to typical application require- 
ments, suggesting that more aggressive lithography may still 
be required. Low-inductance multilayer SQUIDs have been 
demonstrated, and the fabrication process is quite compatible 
with the needs of a multilayer process. 

CIRCUIT INTEGRATION 

Multilayer Circuit Requirements 

Multilayer structures are required for many important appli- 
cations of HTS junctions including digital circuits, SQUIDs 
with integrated pickup coils, voltage standards, and phase 
shifters, among others. Junction-specific requirements on Jc 

and R for some of these applications have already been dis- 
cussed" in the section entitled "Overview." It is desirable that t 

these junction properties be independent of location in a mul- 
tilevel structure—for example, on or off of groundplanes. This 
is a nontrivial constraint because junction performance is of- 
ten intimately related to details of film microstructure which 
can be affected by growth over the underlying layers in a 
multifilm stack. Multilayer circuits also require good electri- 
cal isolation (>104 fl-cm) between superconducting layers, us- 
ing insulators with low dielectric constants and low losses, if 
high-frequency applications are the objective.. High-cntical- 
current-density vias and crossovers (>10» A/cm2) are essen- 
tial for most HTS circuit applications. Digital circuits also call 
for the integration of superconducting groundplanes to pro- 
duce the low-inductance SQUIDs and interconnects needed 
for SFQ logic. More complex circuits can require additional 
epitaxial insulators and wiring levels as well as integrated re- 
sistors. 

Fabrication Issues 

A cross-sectional schematic view of the multilayer structure 
used to integrate edge SNS junctions on an HTS groundplane 
is shown in Fig. 8. A minimum of four mask levels and six 
epitaxial oxide film layers are needed for this process. Addi- 
tional epitaxial film layers are often used such as buffer lay- 
ers between the substrate and groundplane, or passivation 
layers above the groundplane, but these additional layers do 
not alter the basic processing steps. 

The substrate selected for the most complex multilayer 
structures is single-crystal, perovskite-structure NdGaO, 
which is representative of the other candidate substrates. IM 
(110) and (001) faces of NdGaO, are virtually identical in pro- 
viding a square two-dimensional lattice with approximately 
a 1% lattice mismatch for growth of c-axis-oriented epitaxial 

YBCO films. 
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Groundplanes 
As discussed in the section entitled «Application Require- 
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Example Circuits 

The key factor in determining the yield of working HTS cir- 
cuits is the degree of control over junction critical currents— 
especially the on-chip spread. The more complex the circuit, 
the tighter the 7C spread must be, although the numerical re- 
lationship between Jc spread and circuit yield depends on the 
circuit margins. While LTS SFQ circuits often exhibit wide 
margins, of order 30% or more, extrapolating such values to 
HTS operation at 40 K to 65 K is controversial. If these mar- 
gins do hold out, possibly in cases where bit-errcr rate is not 
a driving concern, then spreads of 15% should allow, based 
purely on statistical arguments, yields of 50% for circuits with 
up to about twenty junctions (24). In fact a number of such 
circuits have been demonstrated at up to about 65 K, at least 
at low speed, bearing out some optimism. 

Demonstrated HTS gates or circuits include digital devices 
such as logic gates (OR, AND, etc.), set-reset flip-flops, toggle 
flip-flops, sampling circuits, and shift registers, as well as an- 
alog devices such as SQUID amplifiers. For digital devices, in 
which all of the junctions need to "work" for correct operation, 
the highest junction count is about 30. Figure 9 shows an ex- 
ample of a 10-junction circuit—the first stage of a low-power 
analog-to-digital converter, fabricated with edge SNS junc- 
tions over a ground plane. 

So far there has been very little work to quantify the ex- 
perimental margins of such HTS circuits. Should the more 
pessimistic estimates of HTS SFQ margins be borne out, then 
it may be necessary to rely on voltage-state logic, where 
increased power dissipation will erase one of the major ad- 
vantages of superconductivity, or on multi-flux-quantum 
schemes, several of which have been proposed. 

Manufacturability of HTS circuits will also require that 
chip-to-chip parameter spreads be well controlled. For a sin- 
gle circuit it may be feasible to tune the operating tempera- 
ture to, for example, adjust the average critical current to the 

Figure 9. An example of a simple multilayer HTS circuit, a 1-bit 
analog-to-digital converter, fabricated with edge SNS junctions over 
an HTS groundplane. The lightest areas are the gold-coated countere- 
lectrode, while the darkest are the base electrode. The process used 
to produce the circuit is extendable to much more complex circuits, 
provided that junction critical current uniformity can be improved 
sufficiently. 

desired value, but this is clearly not practical for a system 
consisting of several separately manufactured superconduct- 
ing circuits. Adjustment of overall circuit biases is a more 
practical solution to poorly targeted critical current values 
but will significantly increase costs due to the need for in- 
creased circuit testing and qualification. Thus ultimately it : 
will be necessary to control chip-to-chip parameter reproduc- ■ 
ibility to the level of a few percent at most, which will be a 
significant challenge for these complex materials. 

There is no single answer to the question of what is the S 
best application for HTS Josephson junctions. However, a£ 
consensus of those working in the field believes that applica- ;|| 
tions that utilize the analog precision of Josephson devices If 
constitute the most promising niche where Josephson devices IS 
can surpass semiconductor circuits. Thus there is an empha-S 
sis on high precision analog-to-digital and digital-to-analog $; 
converters in such applications as radar, communications,;!' 
and   precision   instrumentation.   For  example,   an   A-to-D s 
converter with 20 bits of accuracy on a 10 MHz signal band-.£, 
width would leapfrog semiconductor A-to-D converters, based ■£ 
on their historical rate of progress, by about 10 years. A ? 
potential application of such a converter is in radar, where it 
is desired to pick out a small target (airplane, missile) from a 
large "clutter" signal (rain,  mountainous terrain,  waves). 
Such a circuit should contain, depending on the details of the 
architecture, anywhere from several hundred to several thou- f; 
sand Josephson junctions. Assuming circuit margins of 30% •?■■ 
(which may be optimistic), the required junction critical cur-si- 
rent spread  for  50% yield,  based  on the  calculations of-/ 
Ref. 23, would be approximately 10% to 8%. Should the mar-Si' 
gins be reduced to, for example, 15% due to thermal noise';¥ 
issues, then the required spread would be more like 5%& 
to 4%. ~|j- 

The issue of operating temperature is also of crucial impor- i|c 
tance, and is influenced by the potential circuit performance, 'if 
as limited by thermal noise, and the availability, reliability, £ 
size, weight, and cooling power of the cryocooler. For example;* 
a typical Stirling-cycle cooler with 0.3 Watts of heat-lift atif 
4.2 K would have an input requirement of some 1500 W, and;$- 
would weigh about 250 pounds. This power and weight proba- S 
bly rules out the application of LTS circuits in most airbornel^ 
platforms. On the other hand a Stirling cooler with 4 W of% 
heat lift at 77 K would only require about 100 W of inputffl; 
power, and should weigh only about 10 pounds, making air-1f| 
borne deployment much easier. Operating at 40 K, shouldM 
thermal noise require it, might reduce the available heat liftj|- 
to 0.4 W, which should still be sufficient circuits of several^ 
thousand junctions. 

im 

ADVANCED ISSUES 

Proximity Effect jf 

When a superconductor and normal metal are brought into ■# 
contact, Cooper pairs from the superconductor can diffuse intog 
the normal metal. Due to phonon-induced pair breaking, the|| 
pair amplitude (also known as the superconducting order Pa*;|v 
rameter or wavefunction) in the normal metal decays expo-'|: 
nentially over a decay length defined as the normal metal cor J 
herence length, £,. In the clean limit where Zn, the mean fr^if; 
path in N, is much greater than f„, the coherence length is|| 
given by 'Am 
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Sac — 
ton 

2itkT 
(4) 

while in the dirty limit with I. < &, the coherence length is 

£nd = V 2nkT 
(5) 

where the diffusion constant, Dn equals vjjd and d is the 
tZ*Lm. Theories describing the detail, of the super- 
Sulr-normal-metal "proximity-effect" interaction have 
Sn developed for a variety of cases including back;to-back 
£ contacts-that is, the SNS weak link (24.25X In the SNS 
Josephson junction, pairs from each superconducting elec- 
Sto-teak" into the normal metal interlayer and the over ap 
tfSa exponentially decaying pair amplitudes determines the 
.m* of interaction between the superconductors. Conse- 
auently. the magnitude of the Josephson critical current 
Se as exP[-L/4(D], where I is the normal-eUl bndge 
wth More specifically, in the dirty limitfor long SNS 
Ses (L »• ^relatively close to Tc (T > 0.3TC), it is found 

that 

*    lAjl2     ^     .-t/t,,iD 
,t(T;l)-2eR, *TC $nd(T) 

(6) 

where A, is the superconducting gap at the superconductor- 
normal-metal interface. This equation indicates that the entl- 
ad current of an SNS weak link should also vary exponen- 
S^ith temperature, because of the <T>-» temperature 
dependence of the dirty-limit normal-metal coherence length 
/The exponential length and temperature dependence of the 
critical current are the distinguishing signatures of true prox- 
Sy effect devices. Indeed, there are a number of examples 
of HTS SNS devices which are largely consistent with proxim- 
ity effect theory, most notably the junctions using Co- or Ca- 
doped YBCO as the normal metal layer. An example of expo- 
nential critical current dependence on temperature tor a Co- 
doped YBCO SNS edge junction is shown in Fig. 10, a ong 
S a proximity theory fit to the data (26). However, it is 
often found that HTS devices with a nominal SNS configura- 
tion do not show an exponential critical current dependence 

Figure   10. Critical  current  versus   temperature  for  a_ YBCO/ 
(VY?CO/YBCO edge SNS junction. The sohd hne is a ft to to 
proximity effect theory of DeGennes. Despite the fact that the JUM 
ETis nonideal, in that it exhibits a large interface resistance,.it stall 
appears to exhibit behavior consistent wth the prox,mity effect. 

on temperature. In fact, such devices commonly exhibit a qua- 
silinear temperature dependence, which may indicate that 
pinhole conduction through the normal metal is dominating 
the electrical characteristics (25). 

Control of Resistance in SNS Devices 

The normal state resistance of an SNS weak link is given by 
the sum of the normal metal resistance plus the resistance of 
each of the two SN interfaces. In the "ideal" SNS device the 
interface resistances are zero and the total device resistance 
is just R  = p£'A, where p„ is the normal metal resistivity, L 
is the normal metal thickness, and A is the cross-sectional 
area For typical values of these parameters in an SNS edge 
junction with a YBa2Cu2.8Co0.2O7 normal metal layer at 65 K 
(A, = 250 /lO-cm, L = 100 A, and A = 4 X 0.2 Mm*) we find 
R   = 0 03 H In practice, such low values of resistance are 
often undesirable. For example, for SFQ digital applications 
at 65 K junctions are biased at a fixed current of order 500 
aA so that the available JA product with fi„ - 0.03 Ü is only 
15 uV far less than the required value of approximately 300 
uV Increasing SNS device resistances to a practical level re- 
quires adding interface resistance without degrading the in- 
herent JA product. In principle, this can be done in at least 
two ways- (1) by incorporating an inhomogeneous interface 
resistance to reduce the effective device area or (2) by produc- 
ing a thin insulator at one SN interface to form an SINb 
structure. In practice, different groups have seen widely vary- 
ing values of SNS resistance, ranging from the ideal but im- 
practical case of very low RA (16) to the moie technologically 
interesting case ofhigh-fi„A devices (27). 

For SNS weak links using Co-YBCO as the normal metal, 
it has been found that the interface resistance is sensitive to 
a variety of factors including the base electrode matenal and 
the normal metal and counterelectrode deposition conditions 
(17) For example, SNS devices using YBa2Cu307 base elec- 
trodes grown by pulsed laser deposition (PLD) exhibit more 
than an order of magnitude lower resistance than devices 
with La-doped YBCO base electrodes (YBausLaoosCuaO,), or 
GdBa2Cu307 or NdBa,Cu 30, base electrodes. Varying the nor- 
mal metal and counterelectrode growth parameters can also 
have a dramatic effect on device resistance: High-pressure 
PLD growth in an Ar-02 atmosphere results in RA products 
over a factor of 10 smaller than for devices produced using 
the more conventional PLD deposition conditions in a pure 
oxygen background. While the detailed nature of the interface 
resistance is not. understood at this point, the base electrode 
material dependence suggests that cation disorder (eg., Y 
and Ba exchange) is affecting device resistance. The fact that 
the growth conditions of the normal metal also have a strong 
effect on SNS resistance indicates that defects frozen in in 
the early stages of normal metal growth may also play an 
important role in determining interface resistances. Because 
SNS interface resistances aie strongly affected by a number 
of material and fabrication parameters, it is possible to con- 
trol SNS device resistances over two to three orders of magni- 
tude, with RA products ranging from 0.03 n-^ to more 
than 10 fi-Axm2. Importantly, even in the relatively high RA 
limit required for SFQ applications (0.5 Cl-iim* to 2 O-foa), 
Co-doped YBCO SNS devices incorporating significant inter- 
face resistance still behave like true proximity effect devices 

■$££-• 
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(see, for example, Fig. 10) with parameter uniformity suitable 

for small-scale SFQ circuits. 

Limits on Reproducibility 

Speculation on the origins of parameter spreads have led to 
many experiments in fabrication of edge SNS junctions. Sur- 
prisingly, the fabrication parameters which result injunction 
resistances greater than RB = pJJA do not appear to system- 
atically contribute to larger spreads in critical currents or 
o her junction parameters. Similarly, the umfornuty of cur- 
rent flow through a junction which can be inferred from IW) 
indicates that junctions with significant interface resistance 
maintain uniform current distributions. 

Poor control over many fabrication parameters wiU cer- 
tainly result in junction spreads worse than the state of the 
art A good example is the roughness of YBCO base electrodes 
which gets transferred into the edge by patterning with Ar 
ion milling. While improvements from 10 nm to 2 nm rms 
surface roughness provide a measurable benefit forjunction 
reproducibility, further improvements in smoothness have 
had Negligible effect. A second example is that junctions 
facing in all four in-plane directions sometimes exhibit a dis- 
tribution of critical currents that is direction-dependent How- 
ever when all processing steps are made isotropic, state-of- 
the-ärt junction uniformity can be achieved as easily in a set 
of junctions facing in four directions as in a set facing just 

°nTheaJe results have led us to examine defects that are in- 
trinsic to YBCO. The role of oxygen disorder in YBCO has 
been investigated in several types of edge junction experi- 
ments. Decreasing the number of oxygen vacancies by plasma 
Sdation or annealing in ozone simply scales I for all treated 
functions by a constant factor as large as five. Expe^ments m 
which orthorhombic YBCO electrodes were replaced by doped 
YBCO compounds which were tetragonal have been inconclu- 
sive in determining the possible role that twinnmg in YBCO 
might have on parameter spreads. Junctions were fabricated 
to face in (110) in-plane directions instead of the standard 
a00> directions to minimize the effects attributable to twin- 
ning, but no improvement in junction uniformity was ob- 

SelFinally the fact that similar best-case critical current 
spreads are observed for different junction fabrication pro- 
cesses using the same base electrode materials suggests that 
Structural defects in the base electrode or base electrode 
edge are limiting /«spreads. Further improvements in materi- 
als quality and edge formation techniques are expected to 
lead to improved junction spreads. 

CONCLUSIONS 

Josephson junctions based on YBCO are the fundamental 
building blocks for a variety of superconducting electronics 
applications operating at temperatures >50 K The properties 
of individual junctions fabricated in a variety of configura- 
tions are sufficiently close to ideal Josephson behavior to meet 
applition requirements. However integration of junctions 
tato multilayer circuits and demands on reproducibility of 
junction parameters when higher junction counts are needed 
have narrowed development efforts to a few promising con- 
figurations. Most of the current HTS circuit fabrication effort 
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in industrial laboratories is based on edge SNS junctions 
which have been used for the most sophisticated and ex- 
tendible digital circuit demonstrations. Further incremental 
improvements in the uniformity of these junctions to l-o-Je 

spreads less than 105 will permit medium-scale integrated 
circuit fabrication. A parallel effort, mainly by university re- 
searchers, is exploring higher-risk alternative junction con- 
figurations intended to circumvent some of the limitations to 
junction uniformity that may exist for edge junctions. 
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HUMAN CENTERED DESIGN 

This article is concerned with designing products and systems 
using a methodology called human-centered design (1,2). Hu- 
man-centered design is a process of ensuring that the con- 
cerns values, and perceptions of all stakeholders in a aesign 
effort are considered and balanced. Stakeholders include us- 
ers, customers, evaluators, regulators, service personnel, and 

so on. ,    .iL 
Human-centered design can be contrasted with user-cen- 

tered design (3-6). The user is a very important stakeholder 
in design, often the primary stakeholder. However, the suc- 
cess of a product or system is usually strongly influenced by 
other players in the process of design, development, fielding 
and ongoing use of products and systems. Human-centered 
design is concerned with the full range of stakeholders. 

Considering and balancing the concerns, values, and per- 
ceptions of such a broad range of people presents difficult 
challenges. Ad hoc approaches do not consistently work-too 
much drops through the cracks. A systematic framework, 
which is comprehensive but also relatively easy to employ, is 
necessary for human-centered design to be practical. This ar- 
ticle presents such a framework. 

DESIGN OBJECTIVES 

There are three primary objectives within human-centered 
design. These objectives should drive much of designers' 
thinking, particularly in the earlier stages of design. Discus- 
sions in later sections illustrate the substantial impact of fo- 
cusing on these three objectives. 

The first objective of human-centered design is that it 
should enhance human abilities. This dictates that humans' 
abilitites in the roles of interest be identified, understood, and 
cultivated. For example, people tend to have excellent pattern 
recognition abilities. Design should take advantage of these 
abilities, for instance, by using displays of information that 
enable users to respond on a pattern recognition basis rather 
than requiring more analytical evaluation of the information. 

The second objective is that human-centered design should 
help overcome human limitations. This requires that limita- 
tions be identified and appropriate compensatory mechanisms 
be devised. A good illustration of a human limitation is the 
proclivity to make errors. Humans are fairly flexible informa- 
tion processors—an important ability—but this flexibility can 
lead to "innovations" that are erroneous in the sense that un- 
desirable consequences are likely to occur. 

One way of dealing with this problem is to eliminate inno- 
vations, perhaps via interlocks and rigid procedures. How- 
ever, this is akin to throwing out the baby with the bath wa- 
ter. Instead, mechanisms are needed to compensate for 
undesirable consequences without precluding innovations. 
Such mechanisms represent a human-centered approach to 
overcoming the human limitation of occasional erroneous per- 

formance. ,   ,    .       •*!.*•+ 
The third objective of human-centered design is that it 

should foster human acceptance. This dictates that stakehold- 
ers' preferences and concerns be explicitly considered in the 
design process. While users are certainly key stakeholders, 
there are other people who are central to the process of de- 
signing, developing, and operating a system. For example, 
purchasers or customers are important stakeholders who of- 
ten are not users. The interests of these stakeholders also 
have to be considered to foster acceptance by all the humans 
involved. 

DESIGN ISSUES 

This article presents an overall framework and systematic 
methodology for pursuing the above three objectives of hu- 
man-centered design. There are foui design issues of particu- 
lar concern within this framework. 

The first concern is formulating the right problem—making 
sure that system objectives and requirements are right. All 
too often, these issues are dealt with much too quickly. There 
is a natural tendency to "get on with it," which can have enor- 
mous negative consequences when requirements are later 
found to be inadequate or inappropriate. 

The second issue is designing an appropriate solution. All 
well-engineered solutions are not necessarily appropriate. 
Considering the three objectives of human-centered design, as 
well as the broader context within which systems typically 
operate, it is apparent that the excellence of the technical at- 
tributes of a design are necessary but not sufficient to ensure 
that the system design is appropriate and successful. 
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* u .   - w, have successfully fabricated and tested a high temperature superconducting 

1. Introduction 

The sigma-delta (E-A) architecture is the preferred 
approach to high dynamic range A-to-D converters [1]. This 
oversampling approach is used in audio appjcaüons where 
signals at kHz frequencies are sampled at MHz by a E-A 
modulator, and the resulting bit stream digitally filtered to 
provide resolution of 18-20 bits. Superconducting digital 
logic working at GHz clock speeds can potentially be applied 
to the conversion of 10-20 MHz signals. Realization of such 
a circuitinHTS technology will allow this performance whi e 
using a relatively compact, reliable, cryocooler suable 
for airborne and space applications. Towards this end ^we 
have fabricated a simple HTS E-A single-loop modulator, 
with 15 YBCO/Co-YBCO/YBCO edge junctions, in an 
epimialmultilayerprocessutilizingt^eeYBCOlay^rstwo 

epitaxial insulators and integrated Au resistors. We have 
measured its performance at 35 K by inputting a 5.01 MHz 
signal, and sending the output bit stream into a spectrum 
analyser to measure the relative amplitude of the unwanted 
harmonics which determine the spur-free dynamic range 
(SFDR) With 27 GHz sampling rate we measured an SFDR 
of >75 dB, comparable to our previous demonstration of 
an LTS modulator [2]. Two-tone tests showed third-order 
intermodulation products to be < -59 dBc. 

2. Circuit design 

The schematic diagram of the modulator circuit is shown in 
figure 1. In this modulator, the critical junctions are Jb and 
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Figure 1. Schematic diagram of the designed HTS E-A 
modulator. Designed junction critical currents are 320 pA, except 
i, and Jb, which are 250 M- U = 20 pH, R, = 10 mfi and 
Rct = o.2 n. 

Js, which perform threshold detection on the current in U, 
and, to a lesser extent, /,, which balances the sampler when 
both h and Js pulse in response to a clock input. Both the 
clock and the output were isolated from the sampling junction 
by a Josephson transmission line for stability. The operation 
of the modulator is described in [2]. 

The circuit was simulated using WRSPICE, and layout 
inductances, including junction parasitics, were extracted for 
comparison with design values. The fabrication process 
permits junctions at any angle. This design used four 
Cartesian orientations. Low value resistors, fabricated 
with interdigitated terminals, were designed using measured 
contact resistances. 

3. Circuit fabrication 

To fabricate the circuit we employed a multilayer process 
similar to that reported previously [3,4], with the addition of 
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Figure 2. Schematic cross-sectional view of the HTS multilayer circuit process, illustrating key process components. 

an ex situ gold layer to form resistors. The process, whose 
schematic cross-section is shown in figure 2, used pulsed laser 
deposition (PLD) for both YBCO and insulating SrTi03 and 
CeC>2 layers, with the exception of the groundplane. For 
this first YBCO layer we used coevaporated YBCO on an 
NdGa03 substrate [5] because of its low RMS roughness 
(typically 1.0 nm, compared to 1.5 to 2.0 for PLD YBCO). 
This smoothness, which is obtained somewhat at the expense 
of superconducting properties such as Tc and penetration 
depth, is found to improve targeting of the desired junction 
critical current (/c) and resistance (Rn). All layers were 
patterned using a reflowed photoresist process (to produce 
tapered resist sidewalls) and angled ion milling with either 
pure Ar or 20% O2 in Ar, depending on the layer and desired 
edge angle. 

An outline of the process sequence is as follows: as- 
delivered coevaporated films of 225 nm thickness were 
patterned and etched, then cleaned using an rf oxygen 
plasma followed by an Ar/02 ion mill (our 'standard clean')- 
Approximately 200 nm of SrTi03 (STO) was deposited by 
PLD, and vias patterned by ion milling through the STO and 
part way into the groundplane. After another standard clean 
the base electrode bilayer of 200 nm YBai.95Lao.o5Cu30, 
(La-YBCO) and 50 nm Ce02 was deposited, patterned, and 
cleaned. After a wet etch in 0.3% Br in methanol a 10 nm 
N-layer of YBa2Cu2.80Coo.20Qr and a 200 nm La-YBCO 
counterelectrode were deposited by PLD, followed in situ 
by 100 nm of sputtered Au. The Au-coated counterelectrode 
was patterned by ion milling. Finally a gold resistor layer 
was defined by lifting off 200 nm of Au, with a Ti adhesion 
layer. Contact between the resistors and the La-YBCO 
counterelectrode was always through the in situ Au. 

• direct-injection SQUIDs to measure the inductance per 
square of microstrip lines 

• series-arrays of base-electrode-to-groundplane vias 
• series-arrays of counterelectrode-groundplane and base- 

electrode-groundplane crossovers 
• resistors in the 10 mß and 0.1 ß ranges. 

The desired critical current density of 100 ßA /un"1 

(5 x 104 A cm-2 for 0.2 /im thick base electrodes) was 
obtained in the temperature range of 35 to 40 K. Thus circuits 
were tested in that temperature range. Junction I-V curves 
were RSJ-like but with a few pA of hysteresis. Typical 
junction R„A products were 1.4 ß/zm2, yielding R„ «2.1 £2 
for a 3.2 pm wide junction. We have found that junctions 
significantly above 1 ß tend to have wider critical current 
spreads than desired—typically 20-30% (one sigma), which 
is inferior to our best values of 10-12%. Such wide spreads 
are not a major problem for this modulator since it has only 
one critical junction pair. 

Measured microstrip inductances were 0.8 pH sq_I 

and 1.2 pH sq_I for base-electrode-over-groundplane and 
counterelectrode-over-groundplane, respectively. Since the 
latter configuration dominates the circuit the agreement with 
the design value of 1.5 pH sq-1 (which had anticipated higher 
temperature operation) was sufficient. 

Critical currents of vias and crossovers were of the order 
of several mA for temperatures below about 65 K, and thus 
did not limit the application of the desired biases of hundreds 
of ßA. 

The Au-YBCO contact resistivity was measured to be 
about 5 x 10-8 ß cm2. This value is high enough that 
the nominal 10 mß input resistor is dominated by contact 
resistance rather than the resistance of the ex situ Au layer. 

4. Process characterization 

Candidate chips for circuit testing were selected by 
characterizing test areas within the circuit chip. This ensured 
that, for example, critical currents were close to the design 
values, and spreads were sufficiently good to give a high 
probability of a working circuit on that chip. These test areas 
included: 

• 19 individual junctions of sizes representative of the 
circuit (3.2 and 2.5 pm wide) 
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5. Circuit measurements 

The measurements performed on this HTS circuit are 
essentially the same as previously reported for a Nb-based 
E-A modulator [2], except for those which required a 
latching amplifier, which was readily fabricated in Nb 
technology but not in HTS. A stable 5.01 MHz oscillator 
was used as a signal source. The output of this oscillator was 
low pass filtered to insure that harmonics present in the signal 
were below —90 dBc. Signal amplitude was controlled with 
a key-switched resistive attenuator. The clock frequency was 
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Figure 3. Spectral response of the HTS S-A modulator. The 
uDDer curve centred at 5.01 MHz, is the output at the signal 
freauen^e lower curves, centred at 10.02 MHz, show the 
ISe of harmonic response from .he modulator above the no.se 
floor of the spectrum analyser. 
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Figure 4. Third-order intermod test of the HTS n^utoorTJe 
upper curve shows the two input signals at 501 and 5-51 MHz 
SlOOkHz/division scale and 1 kHz resolution bandwidth. The 
m Äwer) "We, centred at 4.51 MHz (6.01 MHz) was 
„STt 10 Hz resolution bandwidth and expanded to a scale 
SSdWision to increase sensitivity. The small responses m 
fce low* curves are within the distortion spec of the spectrum 
analyser. 

controlled at 27 GHz by a dc current applied to the 0.2 Q 
clock resistor, R*, in parallel with the clock junction, and 
was measured by using the Josephson voltage to frequency 
relation- / = V/*o- A dc offset current, applied to the 
signal input of the modulator, insured a positive voltage at 

the integrator. , 
A Hewlett-Packard 72109A spectrum analyser was used 

to display the spectral output of the modulator: The output 
signal was measured at 5.01 MHz and at 10.02 MHz using 
10 Hz resolution bandwidth for maximum sensitivity, lne 
results of this measurement are shown in figure 3. The upper 
curve shows the reproduction of the input signal at 5.01 MHz 
Thelowercurves, centred at 10.02 MHz, show the response at 
the first harmonic, with and without an input signal. Down to 

the noise floor of the spectrum analyser there is no evidence 
of a harmonic. The small observed structure, independent 
of the presence of an input signal, is thought to be due to 
external interference. By mis-adjusting the circuit biases it 
was easy to bring the 10.02 MHz harmonic well into range. 
Biases were optimized to bring the harmonic below the noise 

floor. . 
Further evidence of the modulator linearity was obtained 

•by measurement of third-order intermodulation products. 
Signal sources at /, = 5.01 MHz and f2 = 5.51 MHz were 
combined with a power combiner. Six dB of attenuation of 
each port of the power combiner isolated the signal sources 
from each other. Signal levels were adjusted to yield output 
peaks 6 dB lower than the signal of figure 3, as measured 
by the spectrum analyser. Note that this represents the same 
peak-to-peak voltage swing as in the previous measurement. 
The output was measured at 6.01 MHz (2/2 - /i) and 
4.51 MHz (2/i - h)- In the latter case, an intermodulation 
product was visible at a level of approximately -59 dBc. 

6. Conclusions 

We have demonstrated, for the first time, an HTS E-A 
modulator, fabricated with an extendable multilayer process. 
The circuit was operated at 27 GHz clock frequency, and 
demonstrated a spur-free dynamic range of >75 dB, and 
third-order intermodulation products less than -59 dBc. 
Extension of the circuit to higher frequencies, and the use 
of a more complex double-loop modulator architecture, will 
take full advantage of the high speed and quantum accuracy of 
superconducting digital circuits, and should result in ADCs 
with 18-20 bits of SFDR on a 20 MHz signal bandwidth. 
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Abstract     — The   issue   of oxygen   diffusion   through 

insulating layers to buried ™j~?«»**^ OurTarnclt 
any multilayer structure based on YBCO. Our earnest 
technique for obtaining fully oxidized underlayers on a 
pTactical time scale used reduced growth^ «-peratures for 
strontium titanate insulating films to introduce defects which 
enabled oxygen diffusion while maintaining the integrity of 
Tctrica. £fation. Since this approach did not work well with 
Sr AJTa-0 (SAT) and Sr-Al-Nb-0 (SAN) insulators which 
have more desirable dielectric properties, a plasma oxidate 
„rocess was introduced. For digital circuits based on HTS 
Jo Son junctions where buried groundplanes must be ft* 
oxidLd, Plasma oxidation had profound effects on the 
properties of cobalt or calcium-doped YBCO films used for N- 
iayers in SNS edge junctions, increasing junction critical 
currents by a factor of five. These experiments offer some 
uSght inJ the role of oxygen in determming both individual 
junction properties and junction reproduc.bil.ty. A third 
approach to oxidation of buried films relies on «oxygen v*s» 
patterned in the insulating layer to permit oxygen to diffuse in 
fte a-b Plane of YBCO films instead of diffusing through the 
insulating layer. We designed «nd measured test structures 
"hkh set a practical limit of 20-30 micrometers for via 

spacing. 

I. INTRODUCTION 

Low inductances needed for Single Flux Quantum (SFQ) 
logic circuits are best achieved by integrating 
superconducting ground planes in multilayer structures with 
the Josephson-junction and other component layers 
Whether the ground plane is above or below other circuit 
elements, it is necessary in YBCO-based circuits to diffuse 
oxygen through an epitaxial ground plane insulator film to 
fully re-oxidize one or more buried YBCO layers. 

The need for re-oxidation of buried YBCO  layers 
originates with these materials properties: 
• The growth temperatures for YBCO and related insulator 

oxide films are in the range of 700-850°C. 
. The equilibrium oxygen content of YBa2Cu3Ox is high 

enough for the film to have a high Tc, x > 6.85, only for 
temperatures, T < 370-410°C in typical deposition gas 
partial pressures of 40-400 mtorr. Even in 1 atm of 02> 

YBCO has x £ 6.85 only for T<575°C. Optimal 
properties for YBCO require x - 6.95. At deposition gas 
pressures and 1 atm 02 annealing pressure, x = 6.95 only 
for T < 310-340°C and T < 480°C, respectively.[l] 

• Even with the most favorable parameters for epitaxial 
insulator growth,  oxygen  diffusion through  epitaxial 

Manuscript received September 15,1998.  c,0,,n QR , A,™ 
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and ONR Contract N00014-96-C-0007. 

insulator films is slow compared with diffusion through 

YBCO.[2] 
Specifically, when a YBCO/insulator bilayer 4S heated to 

the growth temperature for deposition of a subsequent layer, 
the buried layer reaches its equilibrium oxygen content 
(x«6 85) rapidly because out-diffusion through the 
epitaxial insulator is high at 700-850°C. However, in- 
diffusion through the insulator during cooldown is slow at 

T = 480°C. 
The problem of re-oxidation of buried films is common 

to all multilayer circuits based on YBCO but is most severe 
in the case of digital circuits due to large areas of overlap 
and restrictions on the choice of insulator material. For low- 
frequency magnetometers, the area of crossovers can be kept 
small and SrTi03 (STO) is a suitable insulator. Epitaxial 
STO films have higher oxygen diffusion rates than the other 
insulators we investigated, Sr2AlTa06 (SAT) and 
Sr2AlNb06 (SAN),[2] but STO has a high dielectric 
constant and dielectric loss that limits its use in high-speed 
circuits. As multilayers are introduced in passive HTS 
microwave circuits, filterbanks, phase shifters, etc., similar 
solutions to oxidation as described here will need to be 

employed. 

II. STRAIGHTFORWARD OXIDATION TECHNIQUES 

There are significant drawbacks to the straightforward 
approaches to oxidation of higher temperatures, longer 
times, or higher oxygen pressures. As the introductory 
description of the oxygen phase diagram for YBCO made 
clear, high-temperature anneals in an atmosphere of oxygen 
overcome the obstacle of diffusion rates but the equilibrium 
oxygen composition that is achieved is too low. 

The approach of using long annealing times has two 
drawbacks. The first is that even 80-hour anneals often fail 
to restore adequate superconducting properties. The second 
problem is that long anneals should be performed after every 
high-temperature film deposition - not solely after the final 
film layer. We have found by XPS measurements that the 
formation of carbonates and hydroxides at film surfaces due 
to exposure to air occurs more rapidly for oxygen-deficient 
YBCO films than for fully oxidized YBCO. Furthermore, 
epitaxial YBCO films grown on SrTiO3(110) substrates had 
a thicker reaction layer than found for c-axis YBCO films 
grown on (001) substrates. The surface of the former films 
simulated the edge of a c-axis film after patterning. 
Reaction with air or process chemicals at the patterned 
edges of c-axis films is expected to have the largest negative 
impact on circuit performance since these edges may be used 
for SNS edge junction formation or for contacts in high- 
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current-density vias.  Therefore, a fully-oxidized film is the 
best choice for the ultimate formation of clean interfaces. 

The drawbacks of high-oxygen-pressure anneals are also 
practical rather than fundamental. Examination of the 
phase diagram of YBCO shows that in high oxygen 
pressures on the order of 100 arm 02, the equilibrium 
oxygen content of YBCO approaches x = 6.95 at T = 650°C 
where diffusion rates are relatively high. Furnaces capable 
of operating at this hazardous temperature and oxygen 
pressure range are available commercially but only for 
sample sizes of 1 cm .[3] 

We employed a less straightforward technique based on 
insulator growth temperature for several years to 
successfully produce devices and simple circuits with 
integrated ground planes.[4] STO films were deposited by 
off-axis rf magnetron sputtering at relatively low 
temperatures in the range of 680-700°C. Measurements of 
capacitor leakage and oxygen diffusion rates indicated that 
we introduced defects which enabled oxygen diffusion while 
maintaining the integrity of electrical isolation. [2] The 
alternative approaches discussed below were investigated 
because the yield of this process step was too low for scaling 
up to more complex circuits and it was less reproducible for 
SAT and SAN than for STO insulators. 

m. ANNEALING IN AN OXYGEN PLASMA 

Soon after the discovery of YBCO, it was found that 
oxidation in a low-pressure oxygen plasma could improve 
film properties,[5] and add more oxygen to YBCO than 
could be incorporated by a 1 atm 02 anneal [6] due to a 
higher activity for atomic oxygen.[7]   Ockenfuss, et al. [8] 
were the first to use plasma oxidation to re-oxidize a YBCO 
film covered by an epitaxial insulator.   In this section, we 
extend the result they obtained on YBCO/NdGa03 films to 
bilayers with STO, SAT, and SAN, discuss the effects "of 
plasma oxidation on films with various compositions used in 
SNS  edge junction  fabrication,  and  then  examine  the 
changes injunction characteristics due to plasma oxidation. 

The conditions we used were 80 W of rf power applied to 
a 2-inch diameter YBCO sputter target in a US, Inc. sputter 
source, a background gas of 1 torr 02, and a cooling time of 
approximately 40 minutes. Instead of the usual 90° off-axis 
deposition configuration, we increased the angle to -135° to 
minimize the possibility of depositing a layer of material on 
the   film  surface.      For  films   cooled   in   the   plasma 
immediately after deposition, we cooled from ~725°C to 
200°C before turning off the rf power. Other samples were 
annealed at starting temperatures ranging from 300°C to 
650°C.   Changes in film properties relative to a 1 atm 02 

anneal were just as large for films that were exposed to a 
high temperature of 300°C as for films exposed to higher 
temperatures. 

For dozens of samples, plasma annealing restored a 
sharp 85-90 K Tc to YBCO/STO bilayers in cases where we 
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Fig. 1. Annealing in an oxygen plasma is a more effective technique for 
oxidation than annealing in an atmosphere of molecular oxygen. In this case of 
a c-axis-oriented film of Yba2Cu2.79Coo.21Ox, resistivity was measured first after 
the O2 anneal and then after a plasma oxidation. The transition temperature 
increased by 34 K and the resistivity at 300 K decreased by 40% - both 
indications of higher oxygen content 

were unable to observe a superconducting transition after 
annealing in 1 atm 02 at 450°C for 2 hours and measured 
broad and depressed Tcs after anneals up to 80 hours long. 
In contrast, the same measurements performed with 
YBCO/SAT and YBCO/SAN bilayers yielded mixed results. 
In some cases, the plasma anneal still did not restore 
superconductivity to the buried YBCO film while a few 
samples were completely re-oxidized. 

The results of plasma oxidation for a number of YBCO- 
based films that we have used for electrodes and N-layers in 
SNS junctions are shown in Figs. 1 and 2. Fig. 1 shows an 
increase in Tc and decrease in normal-state resistivity for a 
YBCO film doped with 7% cobalt indicating an increase in 
oxygen content. The p(T) curve shifted from one that is 
similar to single crystals with 7% cobalt to a curve typical of 
4% cobalt. A nearly identical effect has recently been 
reported where an ozone anneal was used instead of a 
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Fig. 2. The decrease in resistivity summarized here from films initially 
annealed in 1 atm O2 and then plasma annealed showed mat the plasma anneal 
adds oxygen and charge carriers. The sign of the change in Tc defines a sample 
as being "underdoped" or "overdoped." TX-YBCO has a composition of 
Yo.«Cao.4Bai.jLao.4Cu30x. 
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PlaSSgTsSanzes the effects we have observed by 
comparing changes in Tc and p(300K) for every film m the 
Sbatch of samples we measured, plasma oxidizeand 
re-measured. In every case where contacts could be made to 
SeTd'lying film, p(300K) decreased by 11-40%. mce 
Z change in resistivity indicated an increase in charge 
triers in every case, the change in Tc defined whether a 
pTicuU sample had been -*>W « W^ 
The extreme cases in Fig. 2, Co- and Ca-doped YBCO are 
well known to be underdoped and overdoped, respectively. 

X changes in the characteristics of SNS edge junction, 
due to plasma annealing are summarized in Figs. 3 and 4. 
The 500% increases in Jc and 50% reductions m R, shown 
in Fig 3 have several implications. First, the use of plasma 
Leaiing to oxidize an entire circuit structure will have 
^found effects on targeting of Jc and R, On the: otter 
End once the entire structure is oxidized, plasma oxidation 
can be used to tune average Jc over a wide range. 

The second important observation regarding Fig. 3 is 
that 4 steads in Jc and R, are unaffected by plasma 
annealing and the ranking of specific junction parameters i 
S constant. This implies that while oxygen content 
strongly affects junction properties, variations in oxygen 
content are not the source of junction nonuniformity. 
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The data in Fig. 3 is re-plotted in Fig. 4(a). Fig. 4(b) 
shows the same log-log plot for a set of junctions on a single 
chip which was nominally identical to the one used for (a) 
except for a YBCO base electrode instead of a La(5%)- 
YBCO base electrode. The open symbols in Fig. 4 showing 
junction characteristics after a 1 atm Oz anneal are typical of 
our observations for roughly 200 chips which have a 
standard mask pattern of 19 junctions. The data points for 
all 200 chips tend to cluster along lines with slopes between 
-2 and -1. Figs. 4(a) and (b) exhibit these two extreme 
values for the exponent, respectively. 

After plasma annealing, the two sets of data in Fig. 4 
shifted along the same trend lines that relate variations in 
individual junction properties. This shift indicate that the 
fundamental mechanism for variation injunction properties 
_ for example, variations in effective area or variations in 
interfacial tunnel barrier width - is unaffected by oxidation. 

IV. USE OF OXYGEN VIAS 

Regardless of the effectiveness of oxygen plasma 
annealing for fully oxidizing multilayers with STO 
insulators, tuning average junction characteristics, or sorting 
out the possible mechanisms for junction variability, it is 

(a)   105 

0.01 0.1 
R„A (ß-um2) 

Fig 4. Summary of Jc and R„ data for (a) the chip used in Fig. 3 and (b) acWp 
wifo a YBCO base electrode which had its N-layer and counterelectrode 
deposited at the same time as the chip in Fig. 3. Open symbols are for 
Scents after a 1 atm O: anneal and the solid symbols are from a second 
measurement after plasma oxidation. The two sets of data uuhcate to fce 
fundamental mechanism for variation in junction properties - for example, 
variations in effective area or variations in tunnel barrier width - is unaffected 
by oxidation. 
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Fig. 5. Schematic views of the test structures used to measure oxygen diffusion 
in the a-b plane of YBCO. Oxygen ions must travel a distance, d, from via 
holes in the SAT insulator to the short bridge patterned in the bottom YBCO 
film. Each test chip had structures with values of d = 2 to 128 um. 

insufficient for oxidizing buried YBCO layers in circuits 
fabricated with SAT or SAN insulators. 

To address these cases where insulator overlayers were 
impervious to oxygen diffusion, we designed the test 
structure  shown  schematically  in  Fig.   5  to  determine 

(a)Tc(K) 
90 

I    I 1 llll| 1     I    I Mill 

60  |— Plasma 
Oxidation 

50 

1 atm 02 
Anneal 

 *  '     ' « * * * ML. 

1 10 100 1000 
Diffusion Distance, d (um) 

(b) Jc(A/cm2) 
10« 

105 

10' 

103 

10J 

101 

10 100 
Diffusion Distance, d (urn) 

Fig. 6. Results of measurements on the test structures shown in Fig. 5 as a 
function of the oxygen diffusion distance in the a-b plane.     Since no 
superconducting transition was found for long paths, the a-b plane must have 
been the only important path for diffusion. 

whether lateral diffusion of oxygen in the a-b plane could 
serve as an alternate diffusion route. 

The results of measurements on the lateral-diffusion test 
structures are shown in Fig. 6 for a chip annealed 1 hour in 
1 atm 02 at 450°C and then annealed in an oxygen plasma. 
Although the oxygen plasma treatment marginally improved 
both Tcs and Jcs, the primary conclusion from this data is 
that diffusion distances on the order of 10s of fim are 
practical. The diffusion coefficient inferred from these 
measurements is 7x10"9 cm2/s in reasonable agreement with 
the value of 3x10"" cm2/s reported for the a-b plane of 
twinned single crystals.fio] 

V. CONCLUSIONS 

The straightforward approaches to re-oxidation of buried 
YBCO in multilayer circuits - long annealing times, higher 
temperatures, and higher oxygen pressure - are impractical. 
Plasma oxidation is an effective approach for STO insulators 
which also permits tuning of average junction characteristics 
and serves as an aid in identifying mechanisms for junction 
variation. Oxygen via holes through SAT and SAN 
insulators are the only effective approach for these materials 
but vias must be spaced on the order of 10s of microns apart. 
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High-Resistance HTS Edge Junctions for Digital Circuits 

Brian D. Hunt, Martin G. Forrester, John Talvacchio and Rober.t M Young 
Northrop Grumman Science and Technology Center, Pittsburgh, PA 15235 

w  h„vP investigated factors affecting the resis- SNS resistances with the goal of understanding and control- 
Abstract-W* ^TL^gg £ü£ includingSNS June ling these variables. We found that a number of parameters 

tance of *dJTS VBa-Cu-O as a normal metal interlayer. can dramatically increase SNS device resistances, while 
ö^ns Wth CoKdopea i        ^ ^ ^ deposited interlayer in preserving SFQ-compatible LRn products in many cases [6]. 

M Kf «Zk Unk is produced by ion beam surface damage or Rcrc we ^n focus on the effects of base electrode composi- 
Z «ieddisorder near the base electrode - counterelectrode üon ^ ^^ of ±c normai metal and countcrclectrode, 
fnt^f»M For each of these weak links several parameters, ^ fcct ^ gizeaUe intcrfaCe resistances can be incorpo- 
todudlng the base electrode material and ^ deposition condi- ^    junctions without significantly reducing 
Sons o? the normal metal and counterelectrode,^ar*^foundto *         uscfijl wcak ^ ^ ht ^ ^^ 

K strikingly >^e ?^ on ^^ **£* an/Lp^W fetter.   Such a process would 
these factors ** ™?™*'J£l™Zn  with one sigma Ic eliminate possible Jc variations due to inhomogeneities tn the 
resistance ^ «J'^Ä^ln^ 1* *«—• Co-YBCO, which could result in tighter J spreads. We have 
spreads*•*"»«•«* to «rn»            ^^ characteristics ^uunined two processes without deposited interlayers. The 
without ^P^'.r.pproaching the best results obtained first of thesc processes uses ion beam damage at elevated 
'"th KSScO^SNS d^ces. temperatures to form a weak link.  This "hot ion damage" 
witn me v,o- ^^ process was inspired in part by early work on plasma 

L INTRODUCTION surface treatments [7,8], by studies of room-temperature ion- 
beam-damage junctions [9], as well as by more recent work 

Hieh Temperature Superconductor (HTS) digital circuits u .     a ^ ternperature Ar/02 plasma process [10]. 
h <ed1 on Single Flux Quantum (SFQ) logic require Joseph- The other weak link fabrication technique we have stud- 
,on Junctions with tight critical current  spreads (L_ l-o < ied> which works without a deposited interlayer, utilizes 
HWH and normal state resistances (R„) greater than -0.5 a direct deposition of the counterelectrode on a cleaned and 
i„ order to meet circuit constraints on LR„ products (LR, > sometimes chemically treated base electrode edge. Like the 
300 uV) and critical current (L - 500 uA at 65 K)    One fflD pT0Cess> this technique has produced high quality 
nrnrnUine HTS junction technology uses YBajCuj^Co,^ „igh-R,, Josephson junctions, presumably due to a small 
rf^oned YBCO) as the normal metal interlayer CN-layer*) ^^^ of crystalline disorder near the base-counterelectrode 
•  ^n edse Eeometry superconductor/normal-metal/super- mtcrface. We will refer to this process as the "controlled 
inductor (SNS) weak link. Co-YBCO edge junctions have interfacial diSOrder" or CJD process. Similarly to the Co- 
been successfully integrated with groundplanes[l-5], and yBC0 SNS junctions, the devices without deposited inter- 
minable progress has been made towards fabrication of u       show a strong dependence on base electrode material 
Junction chips with critical current spreads approaching the ^ counterelectrode deposition. All three processes also give 
values needed for SFQ logic. comparable baseline Jc spreads, which has implications for 

In the absence of SN interface resistance, one would pre- ±e mechanisms causing parameter variations in these weak 
dirt a Co-YBCO junction resistance on the order of 30 mfl Unks M wc wi„ discuss. 
for typical device parameters [6], more than an order of 
mLnimde smaller than the minimum resistance «qmredfor K pR0CESS DETMls 

S?Q äpplLtions. In practice, groups have seen much differ- 
.-.«-W« of Co-YBCO SNS resistance, ranging from the A   SNS Device Fabrication 
*^ Jhnt imoractical case of very low R„A [2], to the more 
! Tnninricallv interesting case of high-R„A, high-IcR„ retails 0f our SNS junction fabrication process have been 
2™ f 11 While the variation in Co-YBCO device resis- ivcn prCviously [1,3,4,6], but a brief overview will be 
™T«in be attributed to variation in interface resistances, it sented hcre. The base electrode YBCO films are depos- 
—™™tL to note that the high R„A results demonstrate that ked b   pulsed laser deposition (PLD) or off-axis-sputtenng, 
•! 'iT nT«ible to incorporate interface resistance without and we have üso used commercially-obtained coevaporated 
'Inifirantlv degrading LR„ products. It should also be y^o fllms< 0ur PLD-deposited base electrodes are often 
SS£?d^S«A^-« °f SNS Juncdon reSiStanC

h
e La-doped, (YBa2.xLaxCu307 with x-0.025jO.075. "Lv 

hV obtained using more resistive interlayer materials such YBCO"), in part because a small amount of La can help 
PrR* Cu   O (PBCO), although interface resistance may suppress a.axis grain formation [3]. The base electrode edges 

^aVan important role in those devices as well. ^ pattemed using reflowed photoresist and 150 eV Ar ion 
Tbe demonstration of high R„A Co-YBCO junctions mo- milHng at 45- with rotation, and then are typically cleaned 

t-,Jt«\ IK to examine some of the factors affecting Co-YBCO usj    a sequence of an oxygen plasma. Ar/02 milling, and Br 
uvarc etching. Following edge cleaning and silver paint mounting 

M   .crriat received September 15.1998. on a substrate block, the Co02-YBCO and counterelectrode 
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B.  Hot Ion Damage Device Fabrication 

The hot ion damage process relies on using an Ar or Xe 
ion beam to create disorder at the base electrode surface 
While room temperature ion beam damage had been used 
previously to fabricate high quality HTS weak links, these 
devices generally had resistances too low for digital applica- 
tions [9] However, the recent results from the Conductus 
"interface-engineered junction" (DEJ) process [10] using an 
Ar/O, rf plasma at high substrate temperatures suggested that 
ion bombardment at elevated temperature might be an effec- 
tive way of increasing shallow surface disorder and obtaining 
higher R junctions. The IEJ process also utilizes a vacuum 
annealing step, which we have chosen to include in our own 
process to allow more direct comparison of results from the 
two processes. . . 

The HID process was motivated m part by the potential 
benefits of an ion mill technique. The principle advantages 
for an ion mill vs an rf plasma process are that the lower- 
pressure mill technique gives a well defined beam energy 
with independent control of the energy and flux, while 
avoiding the backscattering contamination that often occurs 
in high pressure plasma processes. However, the the in- 
creased scattering in the plasma process also leads to more 
omnidirectional bombardment of the junction edges, which 
could result in more uniform damage and tighter Jc spreads. 

The HID process starts with the same ex-situ cleaning 
procedure used for our SNS junctions. The cleaning is 
followed by an in-situ Ar or Xe ion mill treatment at 400 C at 
a beam energy of 100 - 300 eV with a total beam current of 5 
mA in our 3 cm mill. For 200 eV Ar these conditions give a 
milling rate of 4-5 klmin for YBCO. Typical HID milling 
times are 3-15 minutes. After the mill treatment a vacuum 
anneal is done for 30 minutes at 400'C, the heater is ramped 
up to the growth temperature of 790-805'C in oxygen, and 
the La-YBCO or YBCO counterelectrode is deposited under 
our standard conditions. The chips are then annealed as usual 
at450-500'Cin500TO2. 

C   Controlled Interfacial Disorder Device Fabrication 

We have also developed an alternate technique for pro- 
ducing weak links without deposited interlayers which 
utilizes "naturally occurring" disorder at the base electrode - 
counterelectrode interface to form a Josephson junction. In 
this case we believe the weak link results from a combination 
of cation disorder in the base electrode, and disorder frozen 
into the initial stages of growth of the counterelectrode. As 
we will discuss later, the weak link parameters can be con- 
trolled by adjusting the base electrode composition and the 
counterelectrode growth conditions. In some variations of 
this process we used chemical surface treatments (CST) of 
the base electrode to affect the device formation. 

The CID process begins with a standard cleanup followed 
bv an optional wet chemical treatment in a nitrogen dry box 
with methanol solutions of Br, HF, or HC1. After transfer to 
the PLD system, a 350-400'C vacuum anneal is sometimes 
done, and then a LaYBCO or YBCO ™"«"*c*rode b 
deposited under normal conditions at 790 to 805 C and 
followed by the usual oxygen anneal. 

DI. RESULTS 

A.  Co-YBCO SNS Junctions 

In an effort to understand and control the interface resis- 
tance in Co-YBCO SNS junctions we have studied some of 
the factors affecting the device resistance. We found that a 
number of materials and process parameters have a surpris- 
ingly large impact on the resistance and I-V quality of SNS 
weak links. These factors include the base electrode edge 
angle, the base electrode material and deposition conditions, 
the base electrode insulator cap material, the edge cleaning 
technique, and the growth conditions of the normal metal and 
counterelectrode [6]. Here we will examine the effects of the 
base electrode as well as the influence of the growth condi- 
tions of the normal metal and counterelectrode, parameters 
which also have a major effect on the resistance of weak links 
fabricated without deposited interlayers. 

Table I presents 77 K data for two chips with PLD- 
deposited base electrodes with different compositions: Lao.0r 
YBCO and undoped YBCO. In this case the base electrode 
edges were Br cleaned, which we have found reduces the 
R A products by a factor of 3-6 relative to in-situ ion mill 
cleaning [6]. The normal metal is 75 A of Con^-YBCO and 
the counterelectrode is Lao^-YBCO, deposited under stan- 
dard conditions. It is clear from the table that the La-doped 
base electrode results in a dramatically higher device resis- 
tance and lower Jc compared to the pure YBCO base elec- 
trode, which has an R„A product within a factor of three of 
the zero interface resistance limit. We have also observed 
that the Co-YBCO junction resistances are dependent upon 
the method of base electrode deposition. For example, 
sputtered YBCO base electrodes typically exhibit R„A pro- 
ducts roughly 0.3 to 1 times that of PLD Laoxo-YBCO base 
electrodes for devices with similar processing conditions. 

Co-YBCO edge junctions produced with the sputtered or 
LaaoJ-YBCO base electrodes typically exhibit RSJ I-V 
characteristics and have resistances suitable for SFQ digital 
applications. Fig.l shows the 55 K I-V curve and its deriva- 
tive for a ten-junction series array with a sputtered YBCO 
base electrode and a 50 A Coa2-YBCO interlayer. Extraction 
of the minimum and maximum critical currents from the 
dV/dl curve gives an Ic 1-a of 6% for this array. On an 
adjacent individual junction test subchip with 20 devices the 
average parameters and spreads at 55 K were: Jc = 1 x l(r 
A/cm5, 1-a = 10%; LK,, = 797 \L\, 1-0 = 6%; and R„A = 
0.77 Q-nm2, l-G = 5%. More generally, the Je spreads for 
our high R.A Co-YBCO junction process are in the 10-30% 
range.   The high resistance junctions also typically show 

TABLEI 
R.A AND Jc DEPENDENCE ON BASEEuECTRODECoMPOsmoN 

Base electrode R„A (fl-urn2) Jc(A/cm2) 

PLD La-YBCO 
PLD YBCO 

0.82 
0.07 

1.22 xlO3 

11 x 10s 

Average SNS chip data at 77 K showing dependence of R.A 
and Jc on base electrode material. The base electrodes have CeOj 
cap layers and were cleaned using Br etching. The CoM-YBCO N- 
layers are 75 A thick and the counterclectrodes are Laug-YBCO. 
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B. Hot Ion Damage Weak Links 
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Re 3 I-V characteristics and IC(B) modulation at 65 K ten HID 
junction with a U-YBCO base electrode produced by 200 eV Ar 
ion damage at 400'C for 3 minutes followed by a vacuum anneal 
and counterelectrode growth at 790*C. 
shaded region). Furthermore, the I-V curves of the devices 

in this range are RSJ-like and have practical values of I, and 
I_R in a useful temperature range (=65 K and below) as 
shown in Fig. 3. At 65 K the average juncti^" Parameters for 
this chip are Jc = 3.7 x 104 A7cm2 l-a = 33%; 1^ - 266 uV, 
l-o = 18%; and R„A= 0.76 ß-jun , l-a = 16%. 

C  Controlled Interfacial Disorder Junctions 

The CID process relies on disorder at the base electrode - 
counterelectrode interface to form a Josephson junction. We 
have found that this disorder can be controlled by the base 
electrode material and the growth conditions of the coun- 
terelectrode. The effect of the base electrode composition is 
shown by the points at zero milling time in Fig. 2 for a 
process using Br edge cleaning with ajJOOTC vacuunvanneal 
followed by counterelectrode overgrowth at 790 C. The K„A 

products range from 0.12 O^ for «* «* «jjg* 
YBCO base electrode to 6.1 fl^m2 for the La^-YBCO to 
34 2 Q-um2 for the coevaporated YBCO material. Interest- 
ingly a light ion treatment has the effect of reducing RAfor 
the La-YBCO and coevaporated base electrodes, perhaps due 
to removal of a thin Br-reacted surface layer, or by changing 
the base electrode surface reconstruction and thus affecting 
overgrowth of the counterelectrode. 

For devices with LaYBCO base electrodes andR^\ in the 
ranee of a few fl-^m2 initial results show that increasing the 
counterelectrode growth from 790'C to 805*C reduces R.A 
bv roughly a factor of two, while vacuum annealing can 
increase R„A by up to a factor of five. For the higher resis- 
tance coevaporated YBCO base electrodes, increasing the 
counterelectrode growth to 805*C results in more than an 
order of magnitude drop in RnA. By adjusting these condi- 
tions the CID process is able to produce junctions with RSJ 
I-V characteristics and device resistances compatible with 
digital applications. Fig. 4 shows the^ charactenst,csfora 
CID junction at 55 K, produced using a Br-etched La-YBCO 
base electrode with na vacuum anneal and counterelectrode 
overgrowth at 805'C. In this arc the average junction 
parameters are Jc = 4.2 x 104 A/cm2, l-a = 19%; I&, = 699 
\iV 1-0 = 21%; and R„A = 1.69 Cl-pm , l-o = 17*. 
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Fie 4 55 K I-V characteristics and IC(B) modulation at 65 K for a 
CID junction with a La-YBCO base electrode completed by coun- 
terelectrode growth at 805*C without a vacuum anneal. 

IV. DISCUSSION 

We have fabricated three different types of HTS edge- 
geomety weak links using either epitaxial Co-YBCO normal 
metal interlayers to form SNS junctions; or ion damage or 
inherent interfacial disorder to produce weak links defined 
without any deposited interlayer. For all three types of 
devices we find that base electrode composition and the 
growth conditions for the epitaxial overlayers have a strong 
effect on junction resistance. The fact that these variables 
have a similar influence in each case suggests a common 
mechanism of interface resistance formation. One strong 
possibility is that the base-electrode-dependent resistance in 
these devices is due to cation disorder near the base electrode 
surface It is known that cation disorder, such as Y and Ba 
interchange in YBCO, can lead to suppression of Tc in the 
HTS materials and that cation disorder is more prevalent in 
superconductors with cations having similar ionic radii [6]. 
Indeed we see the largest junction resistances for base elec- 
trodes with cations that are relatively close in size such as La- 
doped YBCO where La may interchange more readily with Y 
than Ba can. This is consistent with the increased ion damage 
sensitivity seen for the PLD La-YBCO electrodes relative to 
PLD YBCO. We also speculate that YBCO base electrodes 
deposited by various techniques have different amounts of 
cation disorder leading to the differences in junction resis- 
tance seen in these cases. For example, in the case of the 
coevaporated films grown at low temperatures (=650 C), 
there may be enough preexisting cation disorder that the ion 
treatments have little additional effect, as seen in Fig. 2. 

We have also seen that the normal metal (for the SNS 
case) and counterelectrode growth conditions can play a 
major role in controlling device resistances. The dependence 
on growth parameters demonstrates that, in general, the 
device resistances are not determined entirely by a pre- 
existing surface layer on the base electrode edge. Both the 
epitaxial template (i.e. the base electrode surface) and the 
overlayer growth conditions can affect the initial stages of 
epitaxy This suggests that there is also a contribution to the 
interface resistance from defects in the overlayer microstruc- 
ture "frozen in" during the early part of overlayer growth. 

Overall, the best Je spreads have been observed for the 
Co-YBCO SNS junctions. However, on average the SNS 
devices and the HID and CID weak links without deposited 
interlayers have comparable parameter spreads with Jc 1-a 
generally in the 10-30% range for devices with SFQ- 
compatible resistances. This suggests that inhomogeneities 
in the Co-YBCO are not the primary factor limiting progress 
towards smaller Jc spreads. Rather, we believe that tighter 
spreads will result from improvements in base electrode 
morphology and in the growth of the counterelectrodes. 

In summary, we have shown that high resistance HTS 
weak links can be fabricated in a number of ways both with 
and without deposited interlayers. The resistances are 
strongly affected by a number of factors, including the the 
base electrode material, and the deposition parameters of the 
overlayers. The interface resistance is believed to be associ- 
ated with cation disorder at the base electrode interface as 
well as with defects near that interface frozen in during 
growth of the overlayers. By choosing the proper base elec- 
trode material and overlayer growth conditions, it is possible 
to fabricate high quality edge junctions with a wide range of 
interface resistances ranging from almost no interface resis- 
tance to cases where the interface resistance is dominant. 
Importantly, even in the high resistance limit required for 
SFQ applications the SNS junctions still behave like true 
proximity effect devices. All three types of devices show 
reasonable IC(B) modulation and L. spreads approaching the 
values needed for SFQ circuits. 
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Abstracts authors report the design, fabrication, and test 
resulbof single flux quantum (SFQ) toggle flip flop crcu.ts. 
SfdrcuSnvestiga'ted as building blocks of an HTS counting 
ADC, feature a directly coupled readout junction stack smular to 
££ used in LTS RSFQ circuits. The directly coup ed arcu. 
delivers higher readout voltage, hence potentially higher 
operatTng peed than magnetically coupled alternatives. The 
£cu He e fabricated using two multilayer HTS SNS junction 
nt g ated circuit technologies (one at Northrop Grumman and 
hTother at TRW) featuring three YBCO dePos.t,ons. ImUal 

testing demonstrated toggling of a T-flip Hop >n response to SFQ 
SL generated by integrated dc/SFQ converters The readout 
vlgeTshown to approach 40% of the junction 1CRN product, 
and Is high as 100 uV at 65K. Test results are compared wrth 
„«dieted fabrication process parameter requirements. To 
fncrease margins and tolerance to process parameter van*.ons, 
Improvement to the design have been made usmg JSp.ce and 

MALT. 

I. INTRODUCTION 

There is great interest in HTS A/D converters operating at 
relatively high temperatures. For example, use of an HTS Art) 
converter operating at 30-65 Kelvin would have major 
advantages for scientific IR sensors, such as those used in 
Earth observation, and IR focal plane arrays, such as those 
used for astronomy. Other applications range from 
communications to instrumentation Progress hasbe« made 
in HTS flash A/D converter circuits [1] as well as building 
block circuits for RSFQ implementations [2]. The combination 
of high performance, ultra-low operating power and relatively 
modest fabrication requirements make the RSFQ approach 

very attractive. _ 
For example, it would be possible to build a useful A^ 

converter based on a single, minimum complexity HTS 
integrated circuit, containing only the RSFQ circuits. The 
biasing network could be off chip, possibly using discrete 
resistors selected to customize the bias current values for a 
particular RSFQ chip, analogous to the select in test (SIT) 
method commonly used in advanced electronics. This 
scenario would require no additional integrated circuit 
fabrication process features beyond what has already been 

proven. 

Manuscript received September 15.1998. 

Recently, it has been emphasized that in addition to building 
a functioning HTS RSFQ circuit, attention must be paid to 
thermally generated errors in digital operation in order to build 
a useful high temperature digital circuit [3], [4]. Considerable 
effort has been spent recently to predict the minimum bit error 
ratio (BER) of HTS RSFQ circuits operating at high 
temperatures. In general, the expected BER is a serious 
problem for an application like digital computing. The 
required BER of less than 10"" required for computing may 
not be possible at 65 Kelvin. The A/D converter, however, 
can accommodate a higher BER with an acceptable 
degradation in performance. Recent measurements of HTS 
RSFQ bit error ratios at temperatures as high as 35 Kelvin are 
encouraging as they relate to the prospects of building useful 

high temperature A/D converters [4]. 

figure 1 The oscillator-counter ADC. The VCO continuously follows the 
analog input, emitting pulses at a rate precisely proportional to its voltage. 
When "gate" is high SFQ pulses are passed from the VCO to the counter, 
when "gate" is low SFQ pulses are prevented from passing to the counter. 
The total number of pulses passed in a fixed gate-open time is proportional 
to the time average of the analog input over the gate-open time. 

We have designed, fabricated, and tested HTS RSFQ 
circuits for use in an oscillator-counter A/D converter, shown 
in Fig.l. One critical advantage of this architecture for 
building an HTS A/D converter is the relatively low level of 
circuit complexity required. A complete 12 bit NbN A/D 
converter circuit using this architecture required only 52 
Josephson junctions. The performance of the A/D converter 
shown in Fig.l is determined by the maximum operating 
frequency of the SFQ circuits. An AH) with 8 bits of SNR at 
150 MSPS requires the T-flip flop to operate at 50 GHz. 

1051-8223/99$10.00   © 1999 IEEE 
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impossible using existing two-layer HTS processes. In fact, 
the process requirements are relatively modest. Two HTS 
layers with edge junctions in the top layer and 
superconducting contact between layers is all that is required 
to build the required RSFQ circuits. HTS edge junctions are 
well suited for RSFQ circuits. In the longer term, the realistic 
potential for LRn products above 1 mV may lead to very high 
speed RSFQ circuits. 

Perhaps the most important aspect of the present work is the 
demonstration of a directly coupled dc readout stack in the 
usual SFQ-to-dc converter configuration. The readout voltage 
was as high as 100 \iV, and consistently approximately one 
half of the junctions IcR, product. Avoiding magnetically 
couple readout circuits simplifies fabrication and maximizes 
output voltage. 

n. DESIGN 

The SFQ counter shown in Fig.l consists of a series of SFQ 
toggle or "T" flip flops. Developing a T flip flop is the first 
step in building the ADC. Fig.2 is a schematic of the tested 
SFQ T- flip flop circuit. The circuit consists  of a  dc/sfq 

UK     LT1A     LTO       LT4 

>l*> 1 
LfU Lp» 

: 
»Jim 

■tjtoi < 
V_OUT 

 9-* 

Figure 2. Circuit diagram of the T flip flop with DC/SFQ and SFQ/DC 
converter. Junctions JI1 and JI2 form a DC/SFQ converter, junctions JT1, 
JT2, JT3, and JT4 form a JTL, junctions Jl, J2, J3, and J4 form a four- 
junction bridge of the T flip flop, while junctions J5, J6 form the directly 
coupled sense SQUID. Junctions JX1, JX2 are large Josephson junctions 
necessary for layer-to-layer connection. 
Extracted circuit parameters: 

JIl=JI2=JTl=JT2=J2=J3=J5=J6=4nm, JT3=Jl=J4=6um, JT4=8um, JX1=22 

mm, JX2=14 mm, 
Ul=2 0pH, LTl=4.8pH, LT2A=0.9pH, LT2B=3.8pH, LT2C=0.5pH, 
LT3A=2.5pH, LT3B=1.6PH, LT4=3.4pH, LT5=1.4PH, L0A=2.9pH, 
L0B=2.6pH, Ll=L4=1.5pH, L2=L3=4.4pH, L5=1.8pH, L6=1.0pH, 
LpH=4.3pH, LpI2=3.5pH. Lpl=3.4pH, Lp4A=1.3pH, Lp4B=1.9pH, 
Lp5=3.1pH, Lp6=2.4pH 

a magnetic flux through the main inductor of the dc/sfq front 
end. For a rising signal, an SFQ pulse is generated at the 
output of the dc/sfq every time the flux generated reaches an 
integer number of flux quanta. The SFQ pulse is then passed 
along the JTL to toggle the T flip-flop between the 0 and 1 
states, corresponding to different directions of its circulating 
current. The state of the T flip-flop is probed by the direct- 
coupled readout. In particular, there will be a finite voltage 
readout when the T flip-flop is in the 1 state. Note that no SFQ 
pulse is generated at the output of the dc/sfq when the input 
signal is ramped down. 

m.  FABRICATION 

The devices were fabricated using an epitaxial multilayer 
process which integrated edge SNS junctions, using a normal 
layer of YBa2Cu2.79Coo.21O7.,,, with a buried YBCO 
groundplane, in four separate epitaxial depositions. The 
essential parts of this process have been described 
elsewhere [5], [6], and here we only outline the process, which 
uses a combination of pulsed laser deposition (PLD) and off- 
axis rf magnetron sputtering. 

A micrograph of the actual circuit is shown in Fig.3. All 
layers were patterned using 300V ion milling with 0 to 10% 
oxygen in argon, at 45° angle of incidence, using a mask of 
AZ1518 photoresist reflowed at 130°C. This process was 
designed to produce an edge taper of 20-30° from the 
horizontal, independent of edge orientation. Immediately 
before each epitaxial deposition the samples were cleaned, ex- 
situ, with a combination of rf oxygen plasma, and 
argon/oxygen ion milling. 

Figure 3. Micrograph of the directly coupled T flip flop test circuit 

converter, a four-stage JTL, and a T flip-flop with a directly 
coupled readout (sfq/dc converter). The input signal generates 

Fabrication began with sputter depostion of a 2250Ä YBCO 
groundplane, on a (110) NdGaCb substrate, typically at 720°C. 
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After the groundplane was patterned, a 2400 A SrTi03 (STO) 
layer was sputter-deposited at about 680°C, and via holes to 
the groundplane were etched through the STO. Next, a 2000Ä 
YBCO base electrode and 1500 Ä STO capping layer were 
grown by PLD, at 805°C and 600°C respectively, and 
patterned. After an in-situ Ar ion mill clean we deposited, by 
PLD approximately 150 A of epitaxial Co-doped YBCO, 
followed by growth of the YBCO counterelectrode, an m-situ 
anneal, and finally in-situ sputtering of a gold contact layer 
near room temperature. Finally the YBCO counterelectrodes 
were defined with a straight-wall resist process and Ar ion 
milling. In addition to product chips, each wafer included 
PCM (process control module) chips to access wafer quality. 

IV. TESTING 

After each wafer was diced, the PCM chips from various 
dies on the wafer were measured using an automated test 
station. The result of these measurements addressed the quality 
and yield of various circuit elements such as strip lines, vias, 
and junctions. The PCM chips also contained dc SQUIDs 
similar in structure to those used in the digital circuits. The 
PCM SQUIDs varied in size. The voltage modulation upon 
direct injection of a control current was recorded, and the 
value of inductance per square was extracted. These data, 
together with visual inspection, offered a reliable way to select 
digital circuit chips from specific locations on each wafer. 

The digital circuit testing was carried out inside a shielded 
room. The probe used was a TRW made low speed test probe 
with filtered lines. The probe was inserted into a He flow 
cryostat with double u-metal shield. Temperature was 
regulated by a flow control unit along with a LakeShore 330 
temperature controller. This setup allowed us to stabilize the 
temperature to within 0.02 K. Most of our measurements were 
carried out at 65 K, the targeted operating temperature. The 
various dc circuit biases were provided by individual battery 
powered current sources. This configuration allowed 
independent adjustments of each bias lines which would 
accommodate for a larger junction critical current spread. The 
input signal was provided by a HP 8012B pulse generator with 
externally connected attenuators. Both input and output signals 
were directed to a Tektronix 2465B Oscilloscope, with the 
output signals amplified by PARI 13 Preamplifiers. 

The counting operation of the circuit, T flip-flop with dc/sfq 
and sfq/dc converter, was demonstrated at low speed. The test 
result is shown in Fig.4. The amplitude of the input signal was 
larger in Fig.4(b) than that in Fig.4(a) so that two SFQ pulses 
were generated during each rising edge of the ramp, and as a 
result the T flip-flop changed state twice. The levels of 
various bias lines are listed in Table 1, along with the numbers 
used in JSPICE simulation. The disagreements are likely to 
have resulted both from the spread of the junction critical 
current and trapped flux. The latter is supported by the fact 

that we sometimes obtained different bias levels for correct 
operation during different cool-downs. 

Output 

Input 

Output 

20 nV/Div. 

20 nV/Div. 

Input 

Hgure 4. Oscilloscope pictures demonstrating the correct operation of the 
HTS T flip-flop circuit at 65 K. The center traces shows that the flip flop 
SQUID voltage stays zero at all times. The T flip-flop toggles when the input 
signal to the dc/sfq converter reached the threshold values while being 
ramped up. 

TABLEI 
Measured bias levels of the T flip-flop circuit, compared to the values 

derived from simulation. 

Simulation (uA)    Testing (uA) 

Ibdcsfq 120 12 

IbjTLl 120 120 

Ibjru 120 240 

IbjTL3 180 149 

IbjTM 450 265 

Ibnr-L 230 683 

KhrFF-R -200 -461 

IbRoi 250 242 

IORCö 
900 830 

Input Level per SFQ 1000 490 

The above tested circuit had an estimated lowest error rate 
of 10%, so it was not possible to define the operating bias 
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margins. We have performed margin and yield analysis with 
the MALT tool. The simulation results showed that some 
circuit elements allowed less than 10% in parameter margin, 
lower than the spread that is achievable by the present fab 
process. However, MALT simulation also indicated that 
circuit yield could be greatly increased with improved designs. 

With improved junction characteristics, especially the increase 
of LRn product and less artificial rounding of the I-V curve 
shape, we have been able to reach output levels as high as 100 
uV with this type of direct-coupled readout, as shown in Fig.6. 
The average junction LRn product was about 260 uV 
indicating that the read out voltage is approaching 40% of the 
IcRn value. 

Output 20|iV/Div. 

Figure 5. Readout level measured with direct set/reset of the same T flip-flop 
circuit measured in Fig.4. 

Output IOOLIV/DIV. 

Figure 6. Higher readout level demonstrated with improved junction process. 

Many of the circuits fabricated did not function correctly as 
SFQ circuits, however,   it is often still possible to test the 
direct-coupled readout component. Instead of toggling the T 
flip-flop with SFQ pulses generated at the dc/sfq and passed 
through the JTL, we can inject non-SFQ pulses of positive and 
negative sign into storage SQUID loop of the T flip-flop. This 
forcefully establishes the direction of the circulation current in 
the T flip-flop and sets it up in either the 1 or the 0 state. The 
result of this non SFQ test performed on the fully functional 
circuit (as shown in Fig.4) is shown in Fig.5. The readout bias 
IbROi is at the same level as that in the SFQ test, shown in 
Tablel. Note that the output is also at the same level as that 
shown in Fig.4. In this case, the readout voltage and SFQ 
operation are independent. 

The output level is an important characteristic of the circuit. 
When operating at high speed, the output must exceed a 
certain voltage level in order to be read by the test electronics. 

I.  SUMMARY 

In summary, we have designed, fabricated, and 
demonstrated the operation of an HTS T flip-flop circuit 
including its front end (dc/sfq) and readout (sfq/dc) The 
readout, in particular, adopted the direct coupled configuration 
similar to some LTS designs. The readout was shown to be 
close to 100 uV, approaching 40% of the junction LR 
product. Higher output voltage is possible with improving 
process and design, leading to potentially higher operating 
speed. This HTS T flip-flop circuit serves as a building block 
of an HTS ADC. 
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ABSTRACT 
We have developed processes for fabrication of high-R„ HTS Josephson junctions using Co- 

dooed-YBCO and Ga-doped-PBCO interlayers, as well as devices with no deposited interlayers Ad- 
justing the base electrode composition and the growth conditions of the overiayers enables the fabn- 
ca ton ofSFQ-compatible junctions with 1-c Jc spreads of 10-30%. The HTS junc ions have been 
niteerated with YBCO groundplanes in multilayer circuit structures with six epitaxial layers. Success- 
ÄSation of multilayer circuits requires careful control of film growth patterning, surface 
cleaning and oxidation. We have used this technology to demonstrate small-scale HTS SFQ circuits, 
including the first realization of an HTS sigma-delta modulator. 

INTRODUCTION 
High Temperature Superconductor (HTS) digital circuits based on Single Flux Quantum (SFQ) 

logic require the fabrication of high quality Josephson junctions integrated with superconducting 
groundplanes for control of inductances. More specifically, critical current spreads of better than ap- 
Snximatelv 10% are needed to produce SFQ circuits with several hundred junctions at acceptable 
Ss H] OperX at tens of GHz requires LRn products greater than about 300 uV, which points 
to device resistances on the order of an ohm at typical SFQ operating currents. Significant efforts 
have been directed at the fabrication of HTS junctions with deposited epitaxial interlayers such as Co- 
ined YBCO \2 3] and Ga-doped PBCO [4]. Previous success at achieving narrow Jc spreads with 
"artificial barriers" in low-Tc materials indicates that there is no fundamental problem with deposited 
interlayers T51 However, processes without deposited interlayers have also produced high quality 
weak links 6 7 8] and are worth investigating as another means of fabricating SFQ-compatible junc- 
tions In this'paper we describe our device results for both types of approaches, which we find give 
comparable baseline junction parameter spreads. We also summarize the processes we use to inte- 
SaTe HTS junctions in functional multilayer circuits containing up to nearly 40 devices, and discuss 
the initial results for an HTS sigma-delta modulator. 

HTS JUNCTION FABRICATION DETAILS . 
Much of our junction fabrication effort has focused on optimization of superconductor / normal- 

metal / superconductor (SNS) weak links utilizing YBa2Cu2,Co02O7.6 as me normal metal interlayer. 
The basic details of our edge junction process have been presented previously [3,9,10,11,12], but an 
overview of the fabrication with new details will be given here. At present, HTS film growth is done 
X pled laser deposition of YBa^O™ (YBCO) or YBa2LaxCu307^ (La-doped YBCO). The 
target-to-substrate distance is 5 cm and the laser spot (4.9 mm2) is scanned along a target diameter 
with a 1-2 cm diameter gap in the center of the scan range to improve uniformity YBCO growth tem- 
peratures range from a nominal 805- C to 820- C in a 300 mT oxygen atmosphere. The base elec- 
frode edges are patterned using reflowed photoresist and 150 eV Ar ion.milling.at 45- with rotation, 
and then are typically cleaned using a sequence of an oxygen plasma, Ar/02 milling, and Br etching 
Following edge cleaning and silver paint mounting on a substrate block in a dry box, the Co-YBCU 
and counterelectrode are grown and patterned. 

More recently we have extended this process to fabrication of "SNS" weak links using 
PrBa,Cu2 9Gao iOw as the interlayer. Test runs modeling growth of the interlayer and counterelectrode 
indicated that YBCO grown over a 50Ä Ga-PBCO layer was primarily a-axis oriented with a high re- 
sistivity and depressed Tc. However, we found that these problems could be mining by growing at 
hSherlmperarures (820- C, limited by our heater) and by including a 50Ä pureYBCO buffer layer 
below the Ga-PBCO film to aid in proper nucleation of c-axis growth. Such a YBCO/Ga-PBCO bi- 
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layer forms the interlayer in our present Ga-PBCO junction process. Otherwise the process is essen- 
tially identical to Co-YBCO junction fabrication. 

We have also developed an alternate junction process which utilizes ion damage at elevated tem- 
peratures to form HTS Josephson junctions without a deposited interlayer [12]. This "hot-ion- 
damage" (HID) process starts with the same ex-situ cleaning procedure used for our SNS junctions. 
The cleaning is followed by an in-situ Ar or Xe ion mill treatment at 400* C at a beam energy of 100 - 
300 eV with a total beam current of 5 mA in our 3 cm mill. Typical treatment times are 3-15 minutes. 
After the mill process, a vacuum anneal is done for 30 minutes at 400« C, the heater is ramped up to 
790-805» C in oxygen, the counterelectrode is deposited, and the chips are then annealed as usual at 
450-500» C in 500 T02. 

HTS JUNCTION RESULTS 

Our results for SNS junctions using Co-doped YBCO as the normal metal have been described in 
previous publications [3,9-12]. One principal finding has been that the device resistances are strongly 
affected by the base electrode composition and the growth conditions for the normal metal and coun- 
terelectrode. In particular, we have discovered that YBa^sLaoosCusO?^ base electrodes produce SNS 
device resistances approximately an order of magnitude higher than devices using PLD-deposited 
YBCO base electrodes. This is an important result because devices incorporating base electrodes of 
La-doped YBCO rather than undoped YBCO have much higher effective LRn products at typical SFQ 
operating currents. The best Jc spreads we have observed in junctions with SFQ-compatible critical 
currents and resistances are 6% in 10-junction series arrays and 11% in 100 junction series arrays. 
While these are very encouraging results, more typically we see l-o Jc spreads in the 10-30% range. 
Consequently we have been motivated to examine other junction technologies including Ga-doped 
PBCO. Figure 1 shows our initial results for junctions with a 50Ä Ga-doped PBCO interlayer fabri- 
cated using the process described above. The key features to note are that the L and R„ of this device 
are in the range needed for SFQ applications and that the 920 pV LRn product is among the highest 
reported values at this temperature. The inset shows close-to-ideal critical current modulation, indi- 
cating good uniformity even for a 50Ä interlayer.  Finally, the 1-a Jc spread for this chip was 19%, 
which is a promising initial result. 

For junctions without deposited interlayers we have focused on both HID junctions as well as a 
process which uses controlled interfacial disorder (CID) to form Josephson junctions without an ion 
treatment [12], but the CJD results will not be discussed here. The hot ion damage weak links exhibit 
RSJ-like I-V characteristics with reasonable L(B) modulation. Similarly to the Co-YBCO devices, the 
HID junctions show significantly higher resistances for La-doped YBCO versus pure YBCO base 
electrodes for all ion doses we have investigated. For a 200 eV Ar ion treatment at 400» C with La- 
doped base electrodes, devices have an average resistance of 0.93 • with average LRn products of 
approximately 600 uV and a 1-0 Jc spread of 
29%. 

For devices with or without a deposited 
interlayer, we find that base electrode com- 
position and the growth conditions for the 
epitaxial overlayers have a strong effect on 
junction resistance. , We believe that the 
base-electrode-dependent resistance is due to 
cation disorder near the base electrode sur- 
face [11]. Overall, the best Jc spreads have 
been observed for the Co-YBCO SNS junc- 
tions.   However, on average every junction 
approach we have investigated gives compa- 
rable parameter spreads with Jc 1-0 gener- 
ally in the 10-30% range for devices with 
SFQ-compatible resistances. This suggests 
that inhomogeneres in the deposited inter-   Rg j    j.v characteristics ^d Ie(B) (inset) for a de- 
layers are not the primary factor limiting vice with a 50 A Ga-doped PBCO interlayer. 

35 



progress towards smaller Jc spreads. 
Rather, we believe that tighter spreads 
will result from improvements in base 
electrode morphology, in the edge for- 
mation process, and in growth of the 
device overlayers. 

CIRCUIT FABRICATION 

To produce practical SFQ circuits 
high quality HTS junctions must be in- 
tegrated with a superconducting ground- 
plane, and generally with resistors as 
well. Figure 2 shows a cross-sectional 
schematic of our typical circuit configu 

YBCO 

N-Layer 

j SrTi03/ Sr2AINb06      §§§ Resistor (Au) 

1 ln-sttu Au 

SNS junction 

Counterelectrode 

Groundplane Base electrode 

Fig. 2 Cross-sectional schematic of multilayer HTS cir- 
cuit with six epitaxial layers. 

schematic of our typical ?^^^nd_lane ^^ we have also fabricated junctions with 
ration which uses a *n*™0 «^^^Ä structure of Fig. 2, grown in four sepa- 
groundplanes on top [10]. There>are^s x eptaxuu   y developed a more complex 

Sn oHow inductance «slot-defined" junctions and gives more winng flexibility [9,13]. 

Requirements ^cce^lfa,^^ ^^^** J^SgSSS 

straints.requires^^^StSSSt^^^ But' *»"* ** "****$ 
PtSÄy na ^Ätoe is critically dependent on surface cleaning of processed 
high quality epitaxy in a m""lldy        . , . We have deVeloped a cleaning process which gives 
fllms ^Ä1££S2Ä^^uses - °xygen ** plTa "-^fo1; acceptable yields tor smoom imu g v where a Slgmficant 

.owed byfan «^^^J^Z^ ^3^^ ^^ etch <°-3%>- fa additi°n' 
^TvÄ^^^ before growth of the base electrode bilayer im- 

proves the base electrode Jc. 

angle on P«^^^ croSvenf Äile steeper via edge angles (• 30- ) were 
plane edge angles P^.^f/^^^Ses    Crossover and via Jc values as well as groundplane 

shielding properties are ™™&y    ^ insulator lavers is a strong function of the epitaxial qual- 
through the base electrode ^ «J™^»"^1 **'*ow the insulator layers (usually SrTi03, 
C-ÄW^ ffSjLii^ gÄ optimum epitaxial quality [3]. For our 

P^estTo growth at 750- C ^^^^ 
transport can also be »««»«^-«^g- 5^^SS Tc vduTabove • 85K for two hour 

ää *the ts -sarwhere oxi" Storf tteSied YBCO is very slow, a plasma oxidation process can be useful [14]. 

™       c. a VPV i«ue is obtaining high quality junctions over the buried groundplane. In fact, we 

cate a microstrip inductance of about 1 pH/sq. at 65K [3.13J. 
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Fig. 4 Spectrum analyzer output for HTS 
modulator with 5 MHz input. The 10 
MHz harmonic is below the noise floor, 
giving a SFDR better than 75 dB. 

HTS SFQ CIRCUIT DEMONSTRATIONS 

We have used the multilayer fabrication technology described above to demonstrate a number of 
small scale SFQ circuits [15]. Most recently we have worked on a four-bit counting A/D converter 
and an HTS sigma-delta modulator [16]. The four-bit A/D with 39 junctions showed correct opera- 
tion of each individual bit, but multibit operation was not achieved, possibly due to the lack of buffers 
between each T flip-flop stage. The sigma-delta modulator forms the basis for a high dynamic range 
A/D converter. This device oversamples an input signal and converts it to a digital bit stream which is 
then digitally filtered to provide a high dynamic range output. Using SFQ logic allows oversampling 
at tens of GHz clock rates. This sampling rate enables implementation of an 18-20 bit A/D at 10-20 
MHz, which is important for radar and other applications. As an initial demonstration of this ap- 
proach, we have fabricated a simple HTS sigma-delta modulator containing 14 junctions with a buried 
YBCOgr°ündPlane ^ Au °ias nne resistors- We nave measured the modulator performance using a 
5 MHz input signal. The modulator output bit stream was sent into a spectrum analyzer to meaure the 
relative amplitude of the unwanted harmonics which determine the spur-free dynamic range (SFDR). 
As shown in Figure 4, with a 27 GHz sampling rate we measured a SFDR > 75 dB, comparable to our 
previous test of an LTS modulator. Two-tone tests showed third-order intermodulation products to be 
less than -57 dBc. 

1. D.L. Miller, J.X. Przybysz, and J.H. Kang, IEEE Trans. Applied Superconductivity 3, 2728 (1993). 
2. K. Char, L. Antognazza, and T. H. Geballe, Appl. Phys. Lett. 65,904(1994). 
3. B. D. Hunt, M. G. Forrester, J. Talvacchio, J. D. McCambridge, and R. M. Young, Appl. Phys. Lett. 68,3805 (1996). 
4. M. A. J. Verhoeven, G. J. Gerritsma, H. Rogalla, and A. A. Golubov, IEEE Trans. Applied Superconductivity 5,2095 

(1995). 
5. L.N. Smith, H. Kroger, and D.W. Jillie, IEEE Trans. Magnetics MAG-19, 787 (1983). 
6. B.D. Hunt, J.B. Bamer, M.C. Foote, and R.P. Vasquez, Fourth International Superconductive Electronics Conf., 221 

(1993); and ECS 93-22,462 (1993). 
7. B. H. Moeckly and K. Char, Appl. Phys. Lett 71, pp. 2526-2528, October 1997. 
8. T. Satoh, M. Hidaka, and S. Tahara, IEEE Trans, on Applied Superconductivity 9, in press (1999). 
9. B.D. Hunt, M. G. Forrester, J. Talvacchio, R. M. Young, and J. D. McCambridge, IEEE Trans. Applied Supercond. 7, 

2936 (1997). 
10. B.D. Hunt, M.G. Forrester, J. Talvacchio, J.D. McCambridge, R. M. Young, Advances in Supercond. EX, 1141 (1997). 
11. B.D. Hunt, M.G. Forrester, J. Talvacchio, R.M. Young, Applied Superconductivity 5,365 (1998). 
12. B.D. Hunt, M.G. Forrester, J. Talvacchio, R.M. Young, IEEE Trans. Applied Superconductivity 9, in press (1999). 
13. M.G. Forrester, B.D. Hunt, J. Talvacchio, R.M. Young, and J. D. McCambridge, IEEE Trans. Applied Supercond. 7, 

3613(1997). 
14. J. Talvacchio, R. M. Young, M. G. Forrester, B. D. Hunt, IEEE Trans. Applied Superconductivity 9, in press (1999). 
15. J.D. McCambridge, M. G. Forrester, D.L. Miller, J.X. Przybysz, J. Talvacchio, R. M. Young, IEEE Trans, on Applied 

Supercond. 7,3622 (1997). 
16. D.L. Miller, J.X. Przybysz, A.H. Worsham, E.J. Dean, M.G. Forrester, B.D. Hunt, GOMAC Conf., Monterey (3/99). 

37 



NWÜ wy 

HTS   MULTILAYER   PROCESS    DEVELOPMENT   FOR    DIGITAL 

CIRCUITS 

MG   FORRESTER,  B.D.   HUNT,   J.   TALVACCHIO,   ID. 
MCCAMBRIDGE, R.M. YOUNG, D.L.  MILLER,  AND J.X. 
PRZYBYSZ 
Northrop Grumman Corporation, Science & Technology Center 
Pittsburgh, PA, USA 

Abstract 

Digital circuits based on High Temperature Superconductors (HTS]»have: the 
noferftial for offering operation at higher speed, and lower power dissipation 
fhan emiconductor circuits, while offering unprecedented performance 
Idvaniges attributable to the unique quantum mechanical nature of the 
superconducting state. In order to fully realize this potential i «necessary 
o develop a circuit process which integrates reproduce Joseph on 
Ictfons into epitaxial multilayers. This paper discusses some of the 
Serials and fabrication issues involved in the development of such a 

process. 

1. Introduction 

Superconducting digital circuits based on Single Flux Quantum (SFQ) logic 
hofd the promise of operating at clock frequencies in the ens of GHz while 
dissipating only microwatts per gate. SFQ logic is particularly well suite1 to 
moderate size circuits which perform various specialized digital signal 
"rocSng functions, in applications such as infrared focal plane image 
processing, encrypted communications, and radar. 

The future of HTS digital is shown by the path that LTS digital is 
following today. One area of intense activity in LTS is high speed ana og t o 
TZ converters (ADCs), backed by fast digital filters, for sensor 
5Si^»T»U lie dynamic range [1-4].   Digital filters, whose 

38 



fundamental building block, the multiply-accumulator, was recently 
demonstrated in LTS [5], are also being applied to enhance the accuracy of 
GHz-bandwidth ADCs [6]. 

Josephson digital logic is potentially useful in high-speed data switching 
for "information highways" [7,8], and for spread spectrum communications, 
where it offers low-power, high-speed code generators [9,10]. In fact, 
Josephson digital circuits are so fast that standard semiconductor test 
equipment can not follow their logic operations, so that on-chip buffers are 
being used to supply test vectors and capture outputs at GHz rates [11]. 

As HTS Josephson junctions become more reproducible the high speed of 
SFQ circuits will become attainable in the more easily utilized 65-77 K 
temperature range, albeit with somewhat higher power dissipation than in 
LTS circuits. This allows for the possibility of HTS digital circuits being used 
in a wide variety of applications where the weight and power requirements of 
a  4.2 K cryocooler are unacceptable. 

2.  Process  Requirements 

Realizing the potential of SFQ circuits in HTS will require the 
development of an integrated circuit process for these complex, multi- 
element, anisotropic materials.  The requirements on this process include: 

• Superconducting films with high critical current density (> 10   A/cm 
at 77K), low penetration depth (< 0.25 urn at 65 K), low RF losses (R, 
< 0.5 mfi at 10 GHz and 77 K), smooth morphology (RMS roughness 
< 2 nm), a high degree of crystalline perfection, and stability with 
respect to such factors as time, thermal cycling, environmental effects 
such as moisture, and packaging processes; 

• Reproducible Josephson junctions, with high characteristic voltages, Vc 

s ICRN (> 300 uV at 65 K), where Ic and RN are the junction critical 
current and resistance, respectively; 

• Epitaxial insulators which are structurally and chemically compatible 
with the superconductor layers, with low to moderate dielectric 
constant (e < 25), low RF losses, low pin-hole density, and smooth 
morphology; 

• Superconductor-to-superconductor contacts, and superconductor- 
insulator-superconductor crossovers, with high critical current density 
and low inductance; 
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. Possibly    epitaxial    resistor    materials    compatible     with    the 
superconductor and insulator films; and 

. Low-resistance, high-adhesion contacts with metals such as gold. 

Certainly the key element of the circuit process is the Josephson 
iuncTfo? and the most important property to which the process 
Sopment must be directed is reproducibility, and uniform^ of critical 
TrreTms is the main factor in determining the yield of working circuits 
Given certain design margins for a circuit (that is, ranges of an operating 
Srametersuch Ta biL current, within which the circuit wiU operate 
coS me junction critical currents must not deviate from this range. 
Fo^welWesigned SFQ circuits it is reasonable to expect margins of 1 30/i. 
Assu^Lg a Gaussian distribution of critical currents, with a certain standard 
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4  HTS Digital Demos - Spread for 20% Yield 

Spread for 50% Yield 

Counting ADC 

H gh Dynamic Range ADC 

Spread Spectrum Modem 

4x4 Network Switch 

10 102 103 104 

Number of Junctions in Circuit 

105 106 

The spread injunction critical currents, olc, required to produce 
circuits with a given number of junctions. HTS digital circuits 
demonstrated to date have contained up to about ten junctions, 
consistent with the typical obtained spreads of 15 to 30/o. 
Useful circuits, requiring 100 to 1000 junctions, will require 
spreads of about 10% or less. 
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deviation, o, one can calculate the expected yield for circuits with a given 
number of junctions [12]. Figure 1 shows the result of such a calculation, 
and shows the critical current standard deviation required to obtain yields of 
20% and 50%, for circuits of a given junction count. So, for example, to 
obtain a 50% yield of circuits with 1000 junctions one must have a one- 
sigma critical current spread of about 9%. Figure 1 illustrates that as spreads 
are reduced to the 10% range, the achievable circuit complexity increases 
dramatically for small gains in reproducibility. Of course those small gains 
may well become increasingly difficult to achieve. 

Figure 1 also shows approximate ranges of junction count for various 
representative circuits for which superconductivity offers potential 
advantages over competing technologies. A review of these applications is 
beyond the scope of this article. Demonstrations of HTS digital circuits to 
date, some of which are described in Section 5.6, have so far been limited to 
roughly ten junctions or less, which is consistent with the fact that typical Ic 

spreads are in the 15 to 30% range. 

In addition to having reproducible junctions, it is important that 
inductances be kept low, which is most practically achieved by integrating 
the Josephson junctions with a high-quality superconducting groundplane. In 
SFQ circuits the product of critical current, Ic, and inductance, L, is 
constrained to be of order the flux quantum, O0 = 2.07 x 10" Wb. This is 
particularly difficult for HTS since stability against thermal noise dictates 
that the critical current should be as large as possible, while still meeting this 
constraint. In addition, the relatively long magnetic penetration depth in 
HTS (X0 = 150 nm for YBCO, compared to 39 nm for Nb) makes 
inductances higher for given superconducting layer thicknesses. 

Estimates of bit-error-rates for HTS circuits are an area of some 
controversy, but it is likely that many applications which require extremely 
low error rates (say 10'20 sec"1) will never be practical in HTS. However, 
some applications of interest, such as ADCs, may tolerate much high error 
rates (~ 10"' - 10"6), and thus should be practical in HTS. Even to maintain 
these error rates it is likely that junction critical currents will need to be 
about 0.5 mA, so that a constraint of LIC = <J>0 leads to an inductance of 
about 4 pH. As we sill see later, this is a significant challenge, and will 
require a complex multilayer process, and a good deal of ingenuity. 

In this article we discuss some of the materials and processing issues 
involved in the development of such a process. The discussion will use as a 
basis our own experience in demonstrating two prototype processes which 
meet many, though not all, of the above requirements. 
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3. Epitaxial Film Deposition 

3.1.  YBCO FILMS 

YRCO is currently the  material of choice for HTS multilayer circuit 

A detailed review of these deposition techniques is ^^^ 
L- li. Recent reviews of this area can be found in the reterences 
*3,lTlt HT wTmention only a few aspect of importance «o 

multilayer circuit development. 
We routinely use off-axis rf magnetron sputtering from a single, press- 

° ce st forTompLrise is no. nniqne .o sputtering bu, ,s also typtcal m 
Z evaöoraKd films [16]. Such films may exhibit RMS roughness as low as 
, 0 2TcompanSc to me smoothes, films obtained by any «echmque. . 

Negative aspects of off-axis sputtering, in our experience include stow 
depS"m » .0 «. «0 - I- bour, and reUrtve X poor rttn-m- 

J reproducibffity.    The latter "V*"^ Tf   «Tn  of the 

»•ATS-4' - r A-S. gering  of 
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material from the deposition chamber hardware, leading to additional 
copper, for example, being present at the substrate [17]. 

Pulsed laser deposition offers much higher deposition rate, typically of 
order 1.0 A/second, but potentially orders of magnitude higher [15]. The 
technique is also extremely flexible in that a wide range of materials can be 
deposited in a given chamber using multi-target carousels now widely 
available. Since the laser-target interaction is confined to a relatively small 
volume there is much less potential for the incorporation of contaminants 
from the chamber hardware than in the case of sputtering. Although PLD is 
most easily applied to deposition over relatively small areas (-25 mm 
diameter), various approaches to rastering the beam, target, and substrate 
can be used to coat diameters as large as 125 mm [18]. 

The main disadvantage of PLD is the presence on the film of micron- 
sized particles which have been ejected from the target. This problem can 
however be greatly reduced by use of off-axis PLD, where the substrate is 
placed parallel to the axis of the plume of material emerging from the target 
[19] Just as for sputtering it is necessary to carefully optimize deposition 
parameters, such as pressure, temperature, laser energy density and 
repetition rate, and target surface preparation, in order to avoid the 
formation of second-phase outgrowths in the YBCO films. 

Some of the first HTS films were deposited by coevaporation from 
elemental sources, either electron beam or thermal [20]. Some of the 
difficulties encountered in applying this technique to in situ growth were 
associated with the fact that the film requires a zone of high oxygen pressure 
to oxidize the material, while the evaporation sources need to be m a low 
pressure in order to ensure ballistic transport of the metal atoms. While the 
use of a relatively low pressure of atomic oxygen or ozone was successful in 
producing high-quality films, the coevaporation technique has recently come 
into its own with the invention of a heater scheme which has the substrates 
on a rapidly rotating platen which alternately exposes the substrate to an 
enclosed oven at 2 Pa pressure of oxygen, and an opening through which 
the evaporants arrive at the substrate from a much lower pressure region 
(0 01 Pa). This technique has already been used to coat substrates as large as 
8 inches in diameter, or twelve 2-inch substrates at a time. This large area 
capability, combined with deposition rates of 20 nm/min, make the process 
extremely efficient [21,22]. 
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3.2.  EPITAXIAL INSULATOR FILMS 

The same deposition techniques used for HTS films are routinely used to 
deposit various epitaxial insulators in the fabrication of multilayer devices^ 
Table 1 lists some of the materials routinely used with YBCO, along with 
their crystal structure, and bulk values of the lattice .««^ ^«^ 
constant, and loss tangent. The most developed material is SrTi03 but its 
high values of dielectric constant and loss tangent make it undesirable for 
S frequency applications. While Ce02 and Zr02 are widely used, 
especially as buffer layers, we favor materials cubic perovskite materials 
which are lattice matched to YBCO, and which have relatively low dielectric 
constants, such as Sr2AlTa06 or Sr2AlNb06. 

A common problem with epitaxial insulator growth over YBCO is that 
the rate of oxygen diffusion through the insulator is so low that it is 
practically impossible to oxygenate the underlying YBCO [23]. In practice 
one can reduce the insulator deposition temperature enough so that the 
resulting increased defect density allows oxygen diffusion, though not so low 

TABLE 1   List of epitaxial insulators compatible with YBCO, and some of 
their material parameters.  Many of these are also used as substrates   In 
cases where YBCO grows rotated with respect to the insulator the relevant 
diagonal distance, or simple fraction thereof,  is listed for comparison with 

YBCO. _  

Material Structure 

LaAl03 

NdGa03 

SrTi03 

Sr2AlTa06 

Sr2AlNb06 

MgO 

Ce02 

Zr02 

(YBCO 

rhombohedral 

tetragonal 

cubic 

cubic 

cubic 

cubic 

cubic 

cubic 

orthorhombic 

Bulk Lattice 
Constant 

<3.79> 

<3.84> 

3.905 

3.895 

3.890 

4.212 

3.826 

3.634 

<3.85> 

Bulk 
Dielectric 
Constant 

24 

24 

»100 

12 

19 

9.6 

16 

26 

Bulk Loss 
Tangent 

3 x 10"s 

3 x 10"4 

> 102 

4 x 10-5 

2 x 10-5 

4x 10 

8x 10 

--) 

,-5 

r3 
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that there are electrical shorts. It has also been reported that the presence 
of an oxygen plasma during the cooldown after the insulator growth is 
effective in oxidizing the YBCO underneath [24]. 

Many of the materials listed in Table 1 were first used as substrates for 
HTS films. Two of the most widely used, for high frequency applications, 
are lanthanum aluminate, LaA103, and neodymium gallate, NdGa03. LaA103 

is available in up to 3-inch diameter, and NdGaOj up to 2-inch. For 
multilayer devices LaA103 is not useful because of twinning. The as-grown 
crystals are heavily twinned, and after a YBCO film is deposited, typically at 
6OO-800°C, which is above the LaAl03 structural phase transition, these 
twins reform in new locations. The resulting distortion leads to the wafer 
surface becoming rough, and can result in movement of previously patterned 
features over distances of several microns. This makes alignment of the 
next layer impossible. For this reason we use NdGa03 as the substrate for 
multilayer devices, since its dielectric properties are acceptable, and it can be 
grown twin-free. In addition, its structural phase transition is at about 
1300°C, so that there is no danger of twins forming during film growth. 

A recent review of substrate issues is given in reference [25]. 

4.  HTS Josephson Junctions 

While numerous approaches have been used to fabricate HTS SNS junctions 
or weak links, only a few hold the promise of sufficient reproducibility for 
use in digital circuits. Figure 2 illustrates some of the most promising 
approaches (from either a practical or theoretical standpoint), which can be 
grouped into two categories: grain boundary junctions, and SNS junctions 
with epitaxial normal layers. 

4.1.  GRAIN BOUNDARY JUNCTIONS 

Grain boundary (GB) junctions, rely on the experimental fact that a grain 
boundary in an HTS films, provided the degree of misorientation is great 
enough, behaves electrically like an SNS junction or weak link. This was 
investigated in detail at IBM [26-28], where the dependence of the critical 
current density, Jc, on misorientation angle was investigated. The grain 
boundary may be nucleated in an HTS film at a prescribed location such as a 
grain boundary in the underlying substrate (bicrystal junction) or thin-film 
template {biepitaxial junctions [29,30]), or at a step in the substrate {step- 
edge grain boundary, or SEGB, junctions), as illustrated in Fig. 3(a).   The 

45 



l, ^««iiv involves two grain boundaries in series, at the top 

applications [31-37]. 

The SEGB approach has several merits for use in digital circuits   First 
The !>fcUB appro arbitrary locations and in any of four 

™sis in "SS to £ Ä^^-h«kEd piKes of 
location is defined by the rusing 01 i v boundaries 
substrate material.  Second the ^^^X^geforSitd circuits, 
fortuitously gives a value of Je which is in the ngbt range g 

A further advantage of the SEGB approach is that is straightforwardly 

pS, ft« demons.ra.ed by us, is discussed m secuo» 5. 

UKi.ua.ely .he ^^J^^Z^^^ c^m 
.here are few «?™»«>lP™^ ™ „     J

c  of  critical   current 

too limited for demanding applications such as digital circuits. 

Obviously the potential for formation of unwanted grain boundaries at 
..e^ÄtoL. for the patterning of multilayer circuits, as will be 

discussed in Section 5. 

4.2. ALL-EXPITAXIAL SNS JUNCTIONS 

A more promising approach in mese respecs "«£«««*£«£? 

me=..hes=cn.ena1ncludePBa^CU30 [39-41£   ^    >      ■ ^ various 

superconducting YBCO 14JJ, caKuu3 H J, J  i na,Cu,0 
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(b) and (c), respectively. Of these the edge SNS junction is by far the most 
well developed, since it is based on c-axis oriented films, which are easier t o 
fabricate than a-axis. 

4.2.1.   Edge Junctions 

The edge junction is formed by depositing a c-axis oriented HTS film (the 

(a) 
Grain boundaries 

(b) 

HTS counterelectrode^ Normal layer 
Insulator 

(c) 

Insulator 

Wiring 
HTS counter- 
electrode 

Barrier 

..,,, 11, u u u 111111,1111 \\n 1.111,1.11 u. w, I, i.«i...... ,i.... 

Figure 2.   Three types of HTS junctions, (a) Step-edge grain boundary 
junction (b) Edge, or ramp, SNS junction, and (c) a-axis trilayer 
junction. 
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Figure 3    Current voltage characteristics, at 65 K, for eight 4-um wide SNS 
edge junctions, with 100 A YBa2Cu2.79Co0.2,Ox normal metal 
layer. The uniformity and high I.R. (= 570 uV) of the junctions 
is promising for digital circuit applications, 

base electrode), followed, usually in situ, by an epitaxial insulator.  A tapered 
edge typically with an angle of 30° or less with respect to the substrate is 
formed in this bilayer, commonly by angled ion milling but sometimes by 
wet-etching [52].   While such a tapered edge is most easily formed by a 
unidirectional milling process, this is generally too restrictive  for digital 
circuits, where it is desirable that junctions be allowed to   face m four 
directions to keep inductances low and allow maximum flexibility in circuit 
layout.  After the edge is formed the sample is cleaned and then the normal 
layer and top HTS layer, or counterelectrode, are deposited. 

Obviously this approach has the disadvantage that one of the key 
interfaces between superconductor and normal materials is formed ex-situ, 
with the potential for damage associated with ion milling, and formation of 
a contaminated layer from exposure to air. Ion damage can be quite 
considerable at typical milling voltages, such as 500eV, producing a 
disordered layer of order 4 nm thick [53]. The use of extremely low 
voltages (down to say, 50 eV) can alleviate, though probably not eliminate, 
this problem. Techniques have also been demonstrated for formation of the 
edge junction using shadow techniques in an all in situ process [54], although 
they  involve directional depositions and are thus probably not  flexible 
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enough for digital circuit fabrication. As for the effects of atmospheric 
exposure, they can be reduced by an in situ ion clean, immediately before the 
deposition of the normal layer. 

Figure 3 shows current-voltage characteristics for eight 4-Ujn wide SNS 
edge junctions, with a 100 A YBa2Cu2.79Coo.2iOx normal metal layer. They 
are consistent with the resistively shunted junction (RSJ) model for a low- 
capacitance SNS or weak link device. The uniformity and high I..R,, (= 570 
u\V) of the junctions are promising for digital circuit applications. The best 
such chips have one-sigma spreads in the range of 10-20%, so that, based on 
Figure 1, circuits with of order 100 junctions should soon be attainable with 
modest yields. 

4.2.2.   Trilayer Junctions 

An alternative to the c-axis-film-based edge junction is the trilayer junction 
based on a-axis oriented films, illustrated in Figure 2(c). This junction 
geometry has the obvious advantage that the key interfaces between 
superconductor and normal materials can be formed in situ, avoiding 
degradation due to atmospheric exposure or damage associated with ion 
milling, both of which are unavoidable in the standard edge junction 
approach. In practice however the relative difficulty of growing high- 
quality a-axis oriented YBCO films has limited the number of useful 
demonstrations of this junction geometry. A variant in which (103) 
oriented YBCO films are used has also been pursued [55]. 

For circuit use the resistance of such junctions tends to be too low, since 
the junction size is defined purely lithographically, and thus is typically 
much larger than that of the edge junction, where one junction dimension is 
defined by the base electrode film thickness. In addition, the integration of 
a-axis junctions into a multilayer process will be difficult in that an a-axis 
oriented YBCO wiring layer connecting the junctions will have very low Jc 

(~ 104 A/cm2 at 77K, compared to ~106 A/cm2 for c-axis YBCO), which is 
too low for most circuits. In fact, because of some of these difficulties of 
junction integration, there has not been to date even a single demonstration 
of a dc SQUID based on such junctions. 

Thus we consider the most promising junction geometry to be the all- 
epitaxial edge-geometry SNS junction. Much of the discussion in the rest of 
the paper will focus on issues related to the integration of such junctions 
into a useful circuit process, with the attributes discussed in the introduction. 

49 



5. Epitaiial Multilayer Circuit Processing 

Although the Josephson junction is the single most important element of a 

äS nr-ÄT 'ATE ^L *. ^ - 
ta—ct »ductance in particular requires a superconductmg groundplane 
Ö be stated as close as possible to the active layers which conuin the 
^onswUch in mm requires a pinhole-free, low-loss msulator between 

the superconducting layers. 

Fieure 4 shows schematic cross sections of two multilayer processes 
which^have used to demonstrate simple HTS digital circuits Be firsUs; a 
^epitaxial-layer process which uses SEGB junctions defined at steps 
ethedC way Lo the deposited SrTiO, insulator. The second is a six- 
^xia^y«P "cess which incorporates edge SNS Junctions^wim Co- 
dop^CCr» the normal layer.   In both cases the bottom YBCO layer 

(a) SEGB junctions 

Crossovers 

(b) 

YBCO 

SrTiOj 

NdGaOj 

YBa2Cuj.„Co„07.i 

Au 

IBSP^   ..'■.'■ .'.■ ■'.■ .'.• .^4v'•^•'•V'^V'^•^•V••V^V^•'••^^■•^•^•■•'^^•^.•'^•^^■•'^• '< 
^■^^^^■■■f'-''-V',i''' ■••■• •• - ••'• ■• ■• 

Ground plane 

Figure 4    Schematic cross sections of two HTS multilayer processes which 
we have demonstrated, (a) A three-epitax.al-layer process using 
SEGB junctions, and (b) a six-epitaxial-layer process using edge 
SNS junctions. 
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acts as the ground plane, reducing the inductance of the resulting structures. 

In this section we discuss some of the issues involved in building up 
multiple patterned, epitaxial layers into a useful circuit process. We begin 
by discussing some generalities about the patterning of such layers. 

5.1.  FILM PATTERNING 

The list of processing techniques used in the fabrication of HTS multilayer 
devices is a fairly short one. The process, at this state of its development, 
usually consists of a repeating the following set of steps for each of the 
epitaxial layers (or in some cases for several layers grown in situ): 1) 
Deposit film(s); 2) Define desired pattern by photolithography; 3) Etch 
film(s); and 4) Remove resist. 

Since the integration density is very low at this stage in the development 
of HTS digital circuits, the demands on photolithography are minimal, and 
this is usually adequately performed with contact lithography and standard 
resists. However, due to the requirement that unwanted grain boundaries not 
form where on epitaxial film grows over the edge of another, measures are 
taken to ensure that the photoresist not have a steep sidewall. This point is 
intimately related to the usual etch process which is applied to HTS films, 
which we discuss next. 

In the processing of semiconductor circuits, as well as those based on low 
temperature superconductors, it is common to use a material-selective 
reactive ion etch (RIE) process, with fluorine and chlorine based gases. 
Since the fluorides and chlorides of yttrium, barium, and copper are not 
volatile at temperatures compatible with resist processing, RIE is not useful 
for HTS. The principal method is thus ion milling with argon, sometimes 
with oxygen added. This method allows precise pattern definition, and also 
allows one to obtain the desired tapered edges in the films, typically by 
milling with the ion beam at a low angle with respect to the substrates, and 
usually with the substrates rotating about their normal. 

Returning to the issue of photolithography, the profile of the tapered 
edges of the etched films is strongly affected by the profile of the 
photoresist, and it is usually advantageous to deliberately taper the resist 
edges. This can be done by "reflowing" the resist at an elevated temperature 
(typically from 130°C to 180°C). Also, the use of oxygen in the milling gas 
will tend to erode the photoresist relatively rapidly, making the resist wall 
recede during the etching, and thus contributing to the taper. 
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Wet etches can also be used for the patterning of the YBCO layers. For 
example in ref. [52] a bromine-in-alcohol etch, first demonstrated by 
Z7cz[6] was used to prepare edges in bilayers of PBCO (in this case 
utd as an "insulator'') and YBCO for edge junctions. Since the etch rate ,s 
S ghly Isotropie this led to the formation of very shallow tapered edges, 
about 3° with respect to the substrate. Unfortunately this particular etch is 
not useful for etching other epitaxial insulators of more interest to HTS 

digital circuits. 
Another technique which has been applied to patterning of HTS films is 

"lift-off' or "rejection" using a mask of, for example, zircomum oxide on 
calchf fluoride' which can be dissolved in water after the HTS deposition 

[57]- .     t . 
Another potentially powerful technique is the use of ion-implantation 

to selectively transform regions of an HTS film into an insulator.   This has 
the advantage of leaving a completely planar surface, with no edges at which 
^wanted grain boundaries might nucleate.   Such a process has not yet been 
used to fabricate a complex multilayer device. 

5.2. PREPARATION FOR SUBSEQUENT EPITAXIAL GROWTH 

There are two factors that necessitate extreme care when preparing a 
Piously deposited and patterned YBCO layei:ftr *: grow£ of» 
eoitaxial overlayer, such as an insulator or another YBCO layer, first 
TOCO is very reactive, so that a degraded surface layer can form even upon 
a short exposure to air, and particularly upon processing with photoresis . 
This layer typicallv consists of hydroxides, carbonates such as BaC03 [56], 
and hydrocarbons: To ensure high-quality eptaal overgrowth it is 
essential to remove this degraded layer. Failure to do so typically leads to 
subsequent YBCO layers having inferior superconducting properties, and 
hav ng a large density of defects in the form of Cu-nch second phase 
S« or "boulders" which can protrude from the surface by as much as a 
Eon Lse can then in turn lead to electrical shorts through insulator 

films grown over them. 

In practice we find that the surface of a patterned YBCO layer is best 
cleaned of reacted surface layer by some combination of oxygen plasma 
which is very effective in removing hydrocarbons, and «on «^ »£* 
Ttcies the Turface relatively unselectively. XPS studies of the YBCO 
urfaces show that carbon peaks caused by exposure to air and to photoresist 

are completely suppressed when the surface is given a treatment of oxygen 
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plasma, acetone rinse, second oxygen plasma, and then heating to 
deposition temperature (= 700°C) in the sputter gas mixture of argon and 
oxygen [23]. 

5.3.  INSULATOR INTEGRITY 

Any of the deposition methods discussed earlier is capable of producing 
insulators with low pinhole density. In ref. [58] we reported a series of 
experiments to determine which process parameters had the greatest effect 
on whether a minimum electrical isolation of 2 x 104 Q-cm was achieved in 
YBCO/insulator/YBCO trilayer capacitors, using both SrTi03 and 
Sr2AlTa06. It was found that such factors as the insulator growth 
temperature in the range of 660-750°C, whether the layers were deposited 
without breaking vacuum, interfaces exposed to air, or interfaces exposed to 
ion-mill processing, were not significant. 

Roughness of the first YBCO layer was found to be the key factor in 
determining electrical isolation Measurements of the resistance of capacitor 
structures typically yielded effective resitivities in the 108-109 Cl-cm range, 
which is well above the minimum resistivity requirement of ~ 104 Q-cm 
which we have estimated for high speed digital circuits [23], as long as there 
was a sufficiently low density (~ 102 cm'2 or less) of outgrowths in the 
bottom YBCO layer. 

The disruptive potential of these outgrowths is well illustrated by Figure 
5, which shows a cross-sectional TEM image of an SNS edge junction, with a 

CuO 

Figure 5.   Cross-sectional TEM of an HTS edge junction, showing a CuO 
"boulder" growing in the top YBCO layer. The presence of such 
outgrowth in the bottom YBCO layer would typically cause a 
short through the insulator. 
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Fizure 6    (a) A superconducting via between two YBCO layers. The inner 
circle is a hole in the bottom YBCO layer to allow a-b-axis 
contact between the two layers, while the hexagon is the hole 
through the SrTiOj insulator, (b) Critical current vs. temperature 
for a series array of twelve such vias. 

CuO boulder in the top layer.  Clearly the presence of such outgrowth in the 
bottom layer would disrupt the growth of the insulator, and potentially cause 

a short. 

5.4.  CROSSOVER AND VIA STRUCTURES 

If precautions are taken to ensure that all edges are suitably tapered, as 
discussed above, then it is generally straightforward to produce crossover 
structures (where a top HTS films crosses a pattern in the underlying 
insulator and/or HTS films) and vias (holes in the insulator through which 
two HTS films contact each other). Crossover Jc's in the 10 A/cm range at 
77 K are easily obtained [23], while values above 10 A/cm have been 
obtained by use of a novel combination of wet etching and ion milling [59]. 
The use of planarization techniques potentially allows for essentially no 
degradation in Jc compared to a "flat" film [60]. 

Figure 6 shows a scanning electron micrograph of a typical via structure 
where two crossed YBCO strips contact each other through a hole in the 
intervening SrTi03. There is both a-b-axis and c-axis contact between 
YBCO layers because a hole has been patterned in the bottom YtflAJ, 
interior to the hole in the SrTi03. Figure 6(b) shows data for If versus 
temperature for a series array of twelve such vias. The values obtained are 
well above junction Ic's of interest, and therefore should not be a limitation. 
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5.5.  JUNCTIONS & SQUIDS IN MULTILAYERS 

We have fabricated and characterized SQUIDs with integrated YBCO ground 
planes using the multilayer SEGB [38] and SNS [61,62] processes of Figure 
4. The properties of the junctions are usually found to be comparable to 
those fabricated without a ground plane, as long as the ground plane is 
sufficiently smooth. 

Inductance measurements on the SQUIDs yield values of about 1 pH per 
square at 65 K, which is low enough to be useful for digital circuits, although 
obtaining a total SQUID inductance as low as 4 pH, as discussed in the 
introduction, is still a design challenge. 

5.6.  MULTILAYER HTS CIRCUITS 

We have also fabricated some simple circuits, with up to ten junctions, using 
the multilayer processes — to our knowledge the first all-HTS multilayer 
digital circuits. The most complex, a 1-bit A/D converter is shown in Figure 
7, in the SNS version, and was operated successfully at low speed at 65 K 
[63]. A version based on SEGB JJs was operated up to 60 K. 

Other demonstrated circuits include Set-Reset flip-flops and an SFQ-to- 
dc converter operated at low speed, and a Toggle flip-flop operating 
correctly, on average, up to 15 GHz. 

6.  Conclusions 

There are numerous challenges before us if we are to realize the great 
potential of HTS digital circuits, the most significant of which is to improve 
the control, on-chip, chip-to-chip, and run-to-run, of junction critical 
currents. We believe that the best prospects for this lie with edge-geometry 
SNS junctions, where spreads approaching 10%, one-sigma, have been 
observed for as many as twenty junctions. 

Further optimization will involve better control of film properties, 
including surface morphology, which can have a profound effect on junction 
properties — especially when junctions are fabricated on top of a ground 
plane. Investigation of new normal-layer materials may also be fruitful, as 
will more detailed investigation of the formation of the ramp edge, and the 
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(a) 
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Fieure7.   Circuit schematic, (a), and optical micrograph, (b), of a 
multilayer HTS 1-bit analog to digital converter, fabricated using 
SNS edge junctions. The circuit was operated successfully at 
65 K. 

growth on that edge. Multilayer configurations with the ground plane on the 
fop of the junctions, which we have recently demonstrated, also require 
further study, since there are obvious advantages to forming the junctions on 
the smoothest possible surface — the substrate. 

Most of the multilayer work done to date has used SrTi03 or PrBa2CuA 
as the deposited insulator, both of which are probably too lossy for high 
frequency applications. Recently, however, a multilayer junction process 
incorporating low-loss Sr2AlNb06was demonstrated at Conductus [64]. 
Further development of low-loss insulators is required. 

Much of the development of epitaxial multilayer devices has been driven 
bv the need for SQUIDs for magnetic sensing. However, SQUID 
applications do not have stringent requirements on junction uniformity so 
the impetus for improvements in this area must come from the 
development of a market for HTS digital products, such as high-resolution 
and high speed ADCs, network  switches, and digital signal processors. 
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Although the pace of semiconductor development is relentless   «. h r 
that there will be a place for ihr ,.n,„„o        . .,. .      , re,enuess> we believe 
digital technology P ""'^ Capablht,eS °f a ^ Sloped HTS digital technology 
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Materials Basis for a Six-Level Epitaxial HTS Digital Circuit Process 
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Abstract We have developed a process for fabrication of 
HTS single-flux-quantum logic circuits based on edge SNS 
junctions which requires six epitaxial film layers and six mask 
levels The process was successfully applied to fabrication of 
small-scale circuits (< 10 junctions). This paper examines the 
materials properties affecting the reproducibility of YBCO- 
based SNS junctions, the low inductance provided by an 
integrated YBCO ground plane, and electrical isolation by 
SrTiO or Sr,AlTaO, ground-plane and junction insulator 
layers' Some of the critical processing parameters identified by 
electrical measurements, TEM, SEM, and AFM were control of 
second-phase precipitates in YBCO, oxygen diffusion, Ar ion- 
milling parameters, and preparation of surfaces for subsequent 
high-temperature depositions. 

I. INTRODUCTION 

Practical application of Single Flux Quantum (SFQ) logic 
circuits fabricated in High-Tc Superconductors (HTS) is 
limited at present by a low level of integration of Josephson 
junctions with sufficiently uniform characteristics. SFQ 
gates must have a low inductance, L, consistent with a 
quantum of flux, LIC ~ *. = 2 mA-pH, and a Josephson 
critical current, Ic, on the order of 0.5 mA for thermal noise 
stability. Two approaches for achieving such low 
inductances are to use an integrated thin-film HTS 
groundplane or to use submicron lithography. We chose to 
follow the former approach in the process described here. 

The requirements for junction reproducibility are shown 
in Fig. 1 following the discussion in [l]. Reproducibility is 
expressed as the standard deviation of Josephson critical 
currents, Ic. The calculation of junction count for a particular 
level of junction reproducibility assumes a Gaussian 
distribution of critical currents, and circuit component 
margins of 30%, which have been shown to be realistic in 
both simulations and LTS circuit measurements for SFQ 
circuits. Since there is always some chance with a Gaussian 
distribution that a junction's Ic will fall outside of circuit 
margins, circuit yield is expected to be < 100% even for 
small-scale circuits with low junction counts. 
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Fig. 1. The spread in junction critical currents, av required to produce 
circuits with a given junction count. Small-scale circuit demonstrations 
made to date are consistent with relatively large spreads in I, of 20-30%. 
To fabricate SFQ circuits of practical interest with hundreds to thousands of 
junctions and reasonable yields, I, spreads must be reduced to S 10%. 

Fig. 1 shows that one should expect no more than the 
small-scale SFQ circuit demonstrations made to date as long 
as a = 20-30%. To fabricate circuits of practical interest 
with hundreds to thousands of junctions and reasonable 
yields, Ic spreads must be reduced to £10% while still 
satisfying the requirement for Uc - <P„. 

Details are published elsewhere of junction electrical 
properties and some process issues [2-3], inductance 
measurements [4], and one of the circuits fabricated with this 
process [5]. The emphasis of this paper is in showing how 
the materials properties needed for groundplane integration 
and improved junction reproducibility are affected by the 
details of our integrated circuit fabrication process. 
Although the number of essential film layers is exactly the 
same, it is important to distinguish the multilayer film 
process for HTS digital circuits described here from that 
needed for integrating magnetometer pick-up coils with 
SQUIDs as in [6]. In the case of magnetometers, there is a 
minimal overlap of YBCO film layers which occurs only at 
crossovers. Junctions are fabricated directly on the substrate. 

II. INTEGRATED CIRCUIT FABRICATION PROCESS 

Major process steps we followed to integrate edge SNS 
junctions on an HTS groundplane are shown in Fig. 2. A 
minimum of six mask levels and six epitaxial oxide film 
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layers are needed for this process. Two additional epitaxial 
film layers were sometimes used, a 300 A SrTi03 (STO) 
buffer layer between the substrate and groundplane, and a 
300 A STO cap layer deposited on top of the groundplane to 
protect the YBCO surface during processing. Since neither 
the presence or absence of these layers affected the sequence 
of process steps, we omitted them from the schematic cross 
sections of multilayers. Next we will describe in detail each 
of the six steps shown in Fig. 2. 

A. Groundplane Deposition and Patterning 

YBCO groundplane films 2250 A thick were deposited 
by 90° off-axis rf magnetron sputtering with a process 
described in [7]. In all cases, NdGa03(l 10) substrates were 
used. In some cases, 2-inch diameter wafers were used 
which were diced into 1 cm x 1 cm chips at some point 
before circuit fabrication was completed so deposition 
parameters for the junction films could be varied while 
keeping groundplane fabrication parameters constant. 

Fig. 3 shows the mask layout for (3a) a wafer, (3b) a 
chip, and (3c) a standard junction test subchip. The dark 
band on the subchip is the base electrode with two wire bond 
pads. The rest of the bonding pads are connected in pairs to 
the top electrodes of 20 devices. The edge SNS devices face 
in all four in-plane directions since this is a constraint 
imposed by the need for low-inductance connections in SFQ 
circuits. Junctions are spread out across each subchip to give 
a more complete measurement of junction uniformity. 

Film patterning was done with photoresist masks 
reflowed for 5 min at 130°C. Wafers were tilted 50° from 
normal and rotated during 150 eV Ar ion milling to produce 
edges that angled 20-30° from the substrate plane. The same 
process was used to pattern single or multiple layers. SIMS 
endpoint detection prevented over-milling. 

d. N-Layer, Top Electrode, 
Au ^  Contact^ 

a. Groundplane YBCO 
YBCO        N-Layer 

•2 in 2.5 mm 

substrate 

e. Via Holes, Ex-situ Contacts 
b. Groundplane Insulator 

STO 

c. Base Electrode / 
Insulator Bilayer   ST0 

YBCO 

f. Top Electrode Patterning 

fig. 2. The major process steps for fabrication of SFQ circuits with SNS 
junctions integrated on grounplanes for low inductance. The effect of each 
step on materials properties critical for groundplane integration and junction 
reproducibility are described in the text. 

fig. 3. YBCO groundplanes were deposited and patterned on 2-inch wafers 
(a) which were diced into 1 cm x 1 cm chips (b) for deposition of 
subsequent layers. Each chip had nine subchips where (c) was one of our 
standard patterns for measurement of twenty 3-um-wide devices. 

B. Groundplane Insulator Deposition and Patterning 

Before we brought any patterned wafer up to ~70Q°C for 
deposition of a subsequent epitaxial layer, we cleaned the 
surface with an ex-situ oxygen plasma and a 150 eV Ar/02 

ion mill to remove -100 A from the surface. XPS studies 
were used to ensure that hydrocarbon and fluorine residues 
were completely removed by the time the sample was 
brought to the desired deposition temperature [8]. 

Both SrTiO, and Sr.AlTaO, (SAT) grown by off-axis 
sputtering were developed for epitaxial insulator Films. 
Groundplane insulators were nominally 2400 A thick but 
films used for insulator development varied in thickness 
between 1000 A and 3000 A without apparent thickness 
dependence. The important properties for the groundplane 
insulator were good electrical isolation and vias to ground 
capable of carrying currents greater than the junction critical 
currents (Fig. 2b). 

A series of experiments were performed to determine 
which process parameters had the greatest effect on whether 
a minimum electrical isolation of 2 X 104 fi-cm was achieved 
in YBCO/insulator/YBCO trilayer capacitors. We found that 
the insulator growth temperature in the range of 660-750°C, 
whether the layers were deposited without breaking vacuum, 
interfaces exposed to air, or interfaces exposed to ion-mill 
processing, were not significant factors. We also found that 
room temperature measurements were good predictors of 
isolation at 77K. 

However, roughness of the first YBCO layer was found 
to be the key factor in determining electrical isolation. Fig. 4 
shows the defect density in insulators inferred from the 
fraction of 35 capacitors per chip ranging in area from 1 mm 
x 1 mm to 250 fim x 250 ujn. In [9], the defect density, D, is 
calculated from the "yield," the fraction of capacitors 
exceeding the minimum resistivity criterion, based on, 

yield = (# working) / (# tested) = exp( -D / Area) (1) 

64 



latter approach actually involves two grain boundanesmser.es, at the top 
and bottom of the step"although the critical currents of the two are usually 
suffidently different that only the weakest one comes mto play » 
applications [31-37]. 

The SEGB approach has several merits for use in digital circuits First, 
the junctions can be located at arbitrary locations and m any of four 
^graphically defined directions with respect to the substrate, since the 
stTSons are typically defined using photolithography and u»i millmg. 
TWs is in contrast to the bicrystal junctions, where the grain boundary 
location is defined by the fusing of two separate, misonented pieces of 
ubsu-ate material. Second, the misorientation angle of the gram boundaries 

forStously gives a value of Je which is in the right range for digital circuits. 

A further advantage of the SEGB approach is that is straightforwardly 
generalized to a multilayer configuration, where the step ^e fo^d ° * 
deposited insulator instead of, or in addition to, in the substrate [38]. Such a 
process, first demonstrated by us, is discussed in section 5. 

Ultimately the simplicity of the SEGB approach is a limitation  in that 
there a^Tfew experimental parameters available to adjust the critical curren 
and  distance   values.     In   particular,   the   degree   of  critical   current 
reproducibility, while sufficient for applications such as SQUIDs, is probably 
too limited for demanding applications such as digital circuits. 

Obviously the potential for formation of unwanted grain boundaries at 
steps has ramifications for the patterning of multilayer circuits, as will be 
discussed in Section 5. 

4.2.  ALL-EXPITAXIAL SNS JUNCTIONS 

A more promising approach in these respects is the all epitaxial SNS 
junction, based on the deliberate formation of a nominally SNS structure 
using a normal layer which is structurally and chemically matched to the 
TOCO superconducting electrodes. Demonstrated normal materials which 
^et these criteria include PrBa2Cu3Ox [39-41], PrBa2Cvj,ÄOy [42], non- 
Superconducting YBCO [43], CaRu03 [44], SrRuC, [45.46] and various 
substituted YBCO materials, such as Y,.xCaxBa2Cu3Ox [47], Y,.xPrxBa2Cu3Ox 

SrJ£. and YBa2Cu,xCoxOx [50,51]. The two most common 
configurations for such all-epitaxial devices are "edge (or «ramp or 
"ramp-edge") junctions, and a-axis trilayer junctions, illustrated in Figure 2 
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(b) and (c), respectively. Of these the edge SNS junction is by far the most 
well developed, since it is based on c-axis oriented films, which are easier t o 
fabricate than a-axis. 

4.2.1.  Edge Junctions 

The edge junction is formed by depositing a c-axis oriented HTS film (the 

(a) 
Grain boundaries 

(b) 

HTS counterelectrode Normal layer 
Insulator 

(c) 

Insulator 

Wiring 
HTS counter- 
electrode 

Barrier 

...... 1111111; i;, 1.1, t; 11111. ii 11.1.111. f i. LIH. 11B............ i 

Figure 2.    Three types of HTS junctions, (a) Step-edge grain boundary 
junction (b) Edge, or ramp, SNS junction, and (c) a-axis trilayer 
junction. 
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Figure 3.   Current voltage characteristics, at 65 K, for eight 4-^m wide SNS 
edge junctions, with 100 A YBa2Cu2.79Co0.2iOx normal metal 
layer. The uniformity and high ICR„ (= 570 uV) of the junctions 
is promising for digital circuit applications, 

base electrode), followed, usually in situ, by an epitaxial insulator.  A tapered 
edge, typically with an angle of 30° or less with respect to the substrate, is 
formed in this bilayer, commonly by angled ion milling but sometimes by 
wet-etching [52].   While such a tapered edge is most easily formed by a 
unidirectional milling process, this is generally too restrictive  for digital 
circuits, where it is desirable thai junctions be allowed to   face  m  four 
directions to keep inductances low and allow maximum flexibility in circuit 
layout.  After the edge is formed the sample is cleaned and then the normal 
layer and top HTS layer, or counterelectrode, are deposited. 

Obviously this approach has the disadvantage that one of the key 
interfaces between superconductor and normal materials is formed ex-situ, 
with the potential for damage associated with ion milling, and formation of 
a contaminated layer from exposure to air. Ion damage can be quite 
considerable at typical milling voltages, such as 500eV, producing a 
disordered lawyer of order 4 nm thick [53]. The use of extremely low 
voltages (down to say, 50 eV) can alleviate, though probably not eliminate, 
this problem. Techniques have also been demonstrated for formation of the 
edge junction using shadow techniques in an all in situ process [54], although 
they  involve directional depositions and are thus probably not  flexible 
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enough for digital circuit fabrication. As for the effects of atmospheric 
exposure, they can be reduced by an in situ ion clean, immediately before the 
deposition of the normal layer. 

Figure 3 shows current-voltage characteristics for eight 4-um wide SNS 
edge junctions, with a 100 A YBa2Cu2.79Coo.21O, normal metal layer. They 
are consistent with the resistively shunted junction (RSJ) model for a low- 
capacitance SNS or weak link device. The uniformity and high ICR„ (= 570 
\iV) of the junctions are promising for digital circuit applications. The best 
such chips have one-sigma spreads in the range of 10-20%, so that, based on 
Figure 1, circuits with of order 100 junctions should soon be attainable with 
modest yields. 

4.2.2.   Trilayer Junctions 

An alternative to the c-axis-film-based edge junction is the trilayer junction 
based on a-axis oriented films, illustrated in Figure 2(c). This junction 
geometry has the obvious advantage that the key interfaces between 
superconductor and normal materials can be formed in situ, avoiding 
degradation due to atmospheric exposure or damage associated with ion 
milling, both of which are unavoidable in the standard edge junction 
approach. In practice however the relative difficulty of growing high- 
quality a-axis oriented YBCO films has limited the number of useful 
demonstrations of this junction geometry. A variant in which (103) 
oriented YBCO films are used has also been pursued [55]. 

For circuit use the resistance of such junctions tends to be too low, since 
the junction size is defined purely lithographically, and thus is typically 
much larger than that of the edge junction, where one junction dimension is 
defined by the base electrode film thickness. In addition, the integration of 
a-axis junctions into a multilayer process will be difficult in that an a-axis 
oriented YBCO wiring layer connecting the junctions will have very low Jc 

(~ 104 A/cm2 at 77K, compared to ~106 A/cm2 for c-axis YBCO), which is 
too low for most circuits. In fact, because of some of these difficulties of 
junction integration, there has not been to date even a single demonstration 
of a dc SQUID based on such junctions. 

Thus we consider the most promising junction geometry to be the all- 
epitaxial edge-geometry SNS junction. Much of the discussion in the rest of 
the paper will focus on issues related to the integration of such junctions 
into a useful circuit process, with the attributes discussed in the introduction. 
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5. Epitaxial Multilayer Circuit Processing 

Although the Josephson junction is the single most important element of a 
Superconducting digital circuit, there are numerous other elements which are 
Ei to integrate them into a useful circuit, many of which were 
enured in the introduction. Maintaining the required low gate and 
LtTccTect inductance in particular requires a superconducting groundplane 
o be seated as close as possible to the active layers which comain the 

juncdont which in turn requires a pinhole-free, low-loss insulator between 

the superconducting layers. 

Figure 4 shows schematic cross sections of two ™™*y™V™?™ 
which»*have used to demonstrate simple HTS digital circuits. The first is a 
tot>epnaxial-layer process which uses SEGB junctions defined at steps 
etehed part way Into the deposited SrTiO, insulator The second is a six- 
eptoxialkyer process which incorporates edge SNS junction^ wim Co- 
dCd YBCO as the normal layer.   In both cases the bottom YBCO layer 

(a) SEGB junctions 

Crossovers 

(b) 

YBCO 

SrTiOj 

NdGaOj 

YBa2Cu^mCo,Ow 

Au 

Ground plane 

Fieure 4    Schematic cross sections of two HTS multilayer processes which 
'    we have demonstrated, (a) A three-epitaxial-layer process using 

SEGB junctions, and (b) a six-epitaxial-layer process using edge 

SNS junctions. 
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acts as the ground plane, reducing the inductance of the resulting structures. 

In this section we discuss some of the issues involved in building up 
multiple patterned, epitaxial layers into a useful circuit process. We begin 
by discussing some generalities about the patterning of such layers. 

5.1.  FILM PATTERNING 

The list of processing techniques used in the fabrication of HTS multilayer 
devices is a fairly short one. The process, at this state of its development, 
usually consists of a repeating the following set of steps for each of the 
epitaxial layers (or in some cases for several layers grown in situ): 1) 
Deposit film(s); 2) Define desired pattern by photolithography; 3) Etch 
filrn(s); and 4) Remove resist. 

Since the integration density is very low at this stage in the development 
of HTS digital circuits, the demands on photolithography are minimal, and 
this is usually adequately performed with contact lithography and standard 
resists. However, due to the requirement that unwanted grain boundaries not 
form where on epitaxial film grows over the edge of another, measures are 
taken to ensure that the photoresist not have a steep sidewall. This point is 
intimately related to the usual etch process which is applied to HTS films, 
which we discuss next. 

In the processing of semiconductor circuits, as well as those based on low 
temperature superconductors, it is common to use a material-selective 
reactive ion etch (RIE) process, with fluorine and chlorine based gases. 
Since the fluorides and chlorides of yttrium, barium, and copper are not 
volatile at temperatures compatible with resist processing, RIE is not useful 
for HTS. The principal method is thus ion milling with argon, sometimes 
with oxygen added. This method allows precise pattern definition, and also 
allows one to obtain the desired tapered edges in the films, typically by 
milling with the ion beam at a low angle with respect to the substrates, and 
usually with the substrates rotating about their normal. 

Returning to the issue of photolithography, the profile of the tapered 
edges of the etched films is strongly affected by the profile of the 
photoresist, and it is usually advantageous to deliberately taper the resist 
edges. This can be done by "reflowing" the resist at an elevated temperature 
(typically from 130°C to 180°C). Also, the use of oxygen in the milling gas 
will tend to erode the photoresist relatively rapidly, making the resist wall 
recede during the etching, and thus contributing to the taper. 
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Wet etches can also be used for the patterning of the YBCO layers For 
examole in ref. [52] a bromine-in-alcohol etch, first demonstrated by 
S[561 was used to prepare edges in bilayers of PBCO (m this case 
used as an «insulator") and YBCO for edge junctions. Since the etch rate ,s 
h ghly anisotropic this led to the formation of very shallow tapered edges, 
about 3° with respect to the substrate. Unfortunately this particular etch is 
not useful for etching other epitaxial insulators of more interest to HTS 

digital circuits. 
Another technique which has been applied to patterning of HTS films is 

«lift-off* or "rejection" using a mask of, for example, arcomum oxide on 
calcil fluoride, which can be dissolved in water after the HTS deposition 

[57]. 
Another potentially powerful technique is the use of ion-implantation, 

to selectively transform regions of an HTS film into an insulator. This has 
the advantage of leaving a completely planar surface, with no edges at which 
unwanted grain boundaries might nucleate. Such a process has not yet been 
used to fabricate a complex multilayer device. 

5.2.  PREPARATION FOR SUBSEQUENT EPITAXIAL GROWTH 

There are two factors that necessitate extreme care when preparing a 
previously deposited and patterned YBCO layer for to> growth of an 
epitaxial overiayer, such as an insulator or another YBCO layer. First 
YBCO is very reactive, so that a degraded surface layer can form even upon 
a short exposure to air, and particularly upon processing with photoresist. 
This layer typicallv consists of hydroxides, carbonates such as BaC03 [56], 
and hydrocarbons: To ensure high-quality epitaxial overgrowth ,t is 
essential to remove this degraded layer. Failure to do so typically leads to 
subsequent YBCO layers having inferior superconducting properties, and 
having a large density of defects in the form of Cu-nch second phase 
particles, or »boulders" which can protrude from the surface by as much as a 
mieron. These can then in turn lead to electrical shorts through insulator 

films grown over them. 

In practice we find that the surface of a patterned YBCO layer is best 
cleaned of reacted surface layer by some combination of oxygen plasma 
which is very effective in removing hydrocarbons, and ion mil mg, which 
etches the surface relatively unselectively. XPS studies of the YBCO 
surfaces show that carbon peaks caused by exposure to air and to photoresist 
are completely suppressed when the surface is given a treatment of oxygen 
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plasma, acetone rinse, second oxygen plasma, and then heating to 
deposition temperature (== 700°C) in the sputter gas mixture of argon and 
oxygen [23]. 

5.3.   INSULATOR INTEGRITY 

Any of the deposition methods discussed earlier is capable of producing 
insulators with low pinhole density. In ref. [58] we reported a series of 
experiments to determine which process parameters had the greatest effect 
on whether a minimum electrical isolation of 2 x 104 ft-cm was achieved in 
YBCO/insulator/YBCO trilayer capacitors, using both SrTi03 and 
Sr2AlTa06. It was found that such factors as the insulator growth 
temperature in the range of 660-750°C, whether the layers were deposited 
without breaking vacuum, interfaces exposed to air, or interfaces exposed to 
ion-mill processing, were not significant. 

Roughness of the first YBCO layer was found to be the key factor in 
determining electrical isolation Measurements of the resistance of capacitor 
structures typically yielded effective resitivities in the 108—10 Cl-cm range, 
which is well above the minimum resistivity requirement of ~ 10 Q-cm 
which we have estimated for high speed digital circuits [23], as long as there 
was a sufficiently low density (~ 102 cm"2 or less) of outgrowths in the 
bottom YBCO layer. 

The disruptive potential of these outgrowths is well illustrated by Figure 
5, which shows a cross-sectional TEM image of an SNS edge junction, with a 

CuO 

Figure 5.   Cross-sectional TEM of an HTS edge junction, showing a CuO 
"boulder" growing in the top YBCO layer. The presence of such 
outgrowth in the bottom YBCO layer would typically cause a 
short through the insulator. 
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Fizure 6    (a) A superconducting via between two YBCO layers   The inner 
circle is a hole in the bottom YBCO layer to allow a-b-axis 
contact between the two layers, while the hexagon is the hole 
through the SrTiOj insulator, (b) Critical current vs. temperature 
for a series array of twelve such vias. 

CuO boulder in the top layer. Clearly the presence of such outgrowth in the 
bottom layer would disrupt the growth of the insulator, and potentially cause 

a short. 

5.4.  CROSSOVER AND VIA STRUCTURES 

If precautions are taken to ensure that all edges are suitably tapered, as 
discussed above, then it is generally straightforward to produce crossover 
structures (where a top HTS films crosses a pattern in the underlying 
insulator and/or HTS films) and vias (holes in the insulator through which 
two HTS films contact each other). Crossover Jc's in the 10 A/cm range at 
77 K are easily obtained [23], while values above 10 A/cm have been 
obtained by use of a novel combination of wet etching and ion milling [59]. 
The use of planarization techniques potentially allows for essentially no 
degradation in Jc compared to a "flat" film [60]. 

Figure 6 shows a scanning electron micrograph of a typical via structure 
where two crossed YBCO strips contact each other through a hole in the 
intervening SrTi03. There is both a-b-axis and c-axis contact between 
YBCO layers because a hole has been patterned in the bottom YBUJ, 
interior to the hole in the SrTi03. Figure 6(b) shows data for If versus 
temperature for a series array of twelve such vias. The values obtained are 
well above junction Ic's of interest, and therefore should not be a limitation. 
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5.5.  JUNCTIONS & SQUIDS IN MULTILAYERS 

We have fabricated and characterized SQUIDs with integrated YBCO ground 
planes using the multilayer SEGB [38] and SNS [61,62] processes of Figure 
4. The properties of the junctions are usually found to be comparable to 
those fabricated without a ground plane, as long as the ground plane is 
sufficiently smooth. 

Inductance measurements on the SQUIDs yield values of about 1 pH per 
square at 65 K, which is low enough to be useful for digital circuits, although 
obtaining a total SQUID inductance as low as 4 pH, as discussed in the 
introduction, is still a design challenge. 

5.6.  MULTILAYER HTS CIRCUITS 

We have also fabricated some simple circuits, with up to ten junctions, using 
the multilayer processes — to our knowledge the first all-HTS multilayer 
digital circuits. The most complex, a 1-bit A/D converter is shown in Figure 
7, in the SNS version, and was operated successfully at low speed at 65 K 
[63]. A version based on SEGB JJs was operated up to 60 K. 

Other demonstrated circuits include Set-Reset flip-flops and an SFQ-to- 
dc converter operated at low speed, and a Toggle flip-flop operating 
correctly, on average, up to 15 GHz. 

6.  Conclusions 

There are numerous challenges before us if we are to realize the great 
potential of HTS digital circuits, the most significant of which is to improve 
the control, on-chip, chip-to-chip, and run-to-run, of junction critical 
currents. We believe that the best prospects for this lie with edge-geometry 
SNS junctions, where spreads approaching 10%, one-sigma, have been 
observed for as many as twenty junctions. 

Further optimization will involve better control of film properties, 
including surface morphology, which can have a profound effect on junction 
properties — especially when junctions are fabricated on top of a ground 
plane. Investigation of new normal-layer materials may also be fruitful, as 
will more detailed investigation of the formation of the ramp edge, and the 

74 



(a) 

B1-+- 

LK 

B2 B3     B4 
Jl |    L2   f  J4 |   L3 

)CJ2      )<J3 

(b) 

Für«« 7.   Circuit schematic, (a), and optical micrograph, (b), of a 
^ multilayer HTS 1-bit analog to digital converter, fabricated using 

SNS edge junctions. The circuit was operated successfully at 

65 K. 

erowth on that edge. Multilayer configurations with the ground plane on the 
Sp of the junctions, which we have recently demonstrated, also require 
further study, since there are obvious advantages to forming the junctions on 
the smoothest possible surface — the substrate. 

Most of the multilayer work done to date has used SrTi03 or MajC-A 
as the deposited insulator, both of which are probably too lossy for high 
frequency applications. Recently, however, a multilayer junction process 
incoTorating low-loss Sr2AlNb06was demonstrated at Conductus [64]. 
Further development of low-loss insulators is required. 

Much of the development of epitaxial multilayer devices has been driven 
by Vhe need for SQUIDs for magnetic sensing. However, SQUID 
appl c tions do not have stringent requirements on junction uniformity so 
he mpetus for improvements in this area must come from he 

development of a market for HTS digital products, such as high-resolution 
and Wgh speed ADCs, network  switches, and digital signal processors. 
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Abstract—We have fabricated and measured high 
T superconductor single flux quantum 1-bit flux- 
counting analog-to-digital converters (ADCs). 
The ADCs were made with a multilayer all-epi- 
taxial process which incorporates 10 edge SNS> 
(suDerconductor-nonnal-superconductor) or step- 
edge grain boundary (SEGB) Josephson junctions 
with a YBa,Cu30M groundplane. The ADC con- 
sists of a quantizer connected to a Toggle nip- 
flop through a buffer-like stage. Direct readout of 
the flux state of the T flip-flop was made with a 
Read SQUID inductively coupled through a hole 
in the groundplane. The circuits were operated at 
65 K and low speeds. The SNS circuits outper- 
formed the SEGB circuits because of their higher 
readout voltages and tighter critical current 
spreads. 

I. INTRODUCTION 

There have been a number of recent demonstrations of high 
Te superconductor (HTS) digital circuits, both single flux 

quantum (SFQ) architecture [l]-{5] and others [6], [7]- Typi- 
cally, they have been constrained to the use of a single HTS 
layer [l]-[5], low operating temperatures (I). (3], [4], or low 
ultimate operating speed (compared to SFQ logic) (6], [7]. A 
single-layer circuit process imposes severe topological con- 
straints on circuit layout and low operating temperatures ob- 
viate the advantages of HTS materials. In order for an HTS 
circuit process to reach even the modest integration densities 
necessary for simple applications, it must include an" HTS 
groundplane with at least two additional HTS layers (with the 
attendant dielectrics) to keep inductances low and for flexibil- 
ity in interconnection and fan-out/fan-in. One also needs a 
robust junction technology which allows /r targeting and the 
capability of orienting the junction in any direction, if HTS 
circuits are to become anything more than a laboratory curios- 

ity. 
We have fabricated and tested simple HTS flux-counting 

analog-to-digital converters (ADCs) with an integrated HTS 
groundplane, using both edge superconductor-normal metal- 
superconductor (SNS) and step-edge grain boundary (SEGB) 
Josephson junctions. We chose to build a flux-counting ADC 
because it contains key elements common to general SFQ 
circuits. More sophisticated multi-bit flux-counting ADCs 
have been demonstrated using low Tr superconductors [8]- 
[12]. Ours is the first demonstration of a multilayer process 
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that is suitable for manufacturing large, high-speed circuits 
which operate near the temperature of liquid nitrogen. 

n. DESIGN AND FABRICATION 

Our circuit diagram is shown at the top of Fig. 1. It is 
the first stage (1-bit) of a unidirectional flux-counting SFQ 
ADC [13], [14], incorporating an asynchronous DC-to-SFQ 
converter [15] as the quantizer (LI, Jl. J2) and a Toggle flip- 
flop [15] as the bit sealer (J5, J6, J7, J8, L6). Direct readout 
of the flux state of the T flip-flop is through an inductively- 
coupled Read SQUID (Ml, J9. J10, L7) biased in the voltage 

B2        B3    B4 
Jl I    L2   t J4 I   L3 

Fig. 1. The one-bit edge SNS ADC Top: schematic diagram, onatmg 
parasitic inductances and voltage taps: JI = J2 = J5 = J6 ■ 22 um wide 
(nominally 250 UA). J3 = J4 = J7 = J8 = 3 urn(330uA). J9 = J10 =\S pin 
(175 uA). LI = U.50,L2 = 4a.L3 = 6D,L4 = L5= 2a L6 - 8G + 6.5 
oH. L7 - 3.6D + 6.5 pH. and Ml - 3.5 pH. B2 = 175 UA, B4 «* 120 UA. B5 
= 500 uA. B6 = 270 uA. and B7 = -55 uA. Bottom: large scale optical 
micrograph of the circuit in the edge SNS process. The holes in the ground- 
plane are RF choices. The base electrode is dark, the counter electrode 
(with in situ Au cap layer) is light The ground contact vias are not visible 
on the base electrode islands. 

82 



statc. It should be noted that J4 is necessitated by the layout 
constraints imposed by edge-type junctions: there must be an 
even number of junctions in any superconducting loop. 

We made this 10 junction circuit using two HTS multi- 
layer processes (with minor modifications of the design) 
which are described in detail elsewhere [16]-[19]. We recently 
developed a 6 layer edge SNS junction process with an inte- 
grated groundplane which had both higher ljln and better Jc 

reproducibility than the SEGB circuit process [17]. The SNS 
process began by depositing a 225 nm YB&jCujO-,^ (YBCO) 
groundplane onto a NdGaO, (NGO) substrate. The ground- 
plane was then patterned by photolithography and ion mill- 
ing. The chips were rotated during all sputter deposition and 
ion milling steps. All edge angles were kept shallow (- 25°) 
to avoid grain boundary formation. A 240 nm thick layer of 
SrTiOj (STO) was then deposited and vias were milled. The 
base electrode (225 nm) and its STO insulator (150 nm) were 
deposited and patterned together. Finally, the 7% Co-doped 
YBCO N layer (typically 10-30 nm). the 200 nm  counter 
electrode, and an in situ 100 nm Au cap were deposited and 
patterned. A schematic cross-section of the completed process 

NdGaO, i 

Fig. 2. Schematic of the edge SNS "double via" process. Contact to 
ground is made through the base electrode. All films were sputter deposited 
and patterned by ion milling (I7]-[I9]. 

is shown in Fig. 2. 
SNS junction widths were nominally 1.5. 2.2, or 3.0 Jim. 

The circuit was laid out assuming the critical current density 
J( = 500 uA/um2 (Ic = 175, 250, or 330 uA) and the micros- 
trip inductance per square Z^ = 1 pH at T = 65 K. The Read 
SQUID was magnetically coupled to the T flip-flop using a 
hole in the groundplane over which L6 and L7 crossed. This 
is shown in Fig. 3. The hole was 10 ujn long and 19 fim 
wide and the inductors were 5 Jim wide. We approximated this 
structure as a coplanar waveguide directional coupler to calcu- 
late its contribution to the mutual and self-inductances [20]. 
We calculated the mutual and self inductances for this con- 
figuration to be 3.5 pH and 6.5 pH respectively. These esti- 
mates are lower bounds on the inductance contribution of the 
groundplane hole—they neglect the kinetic inductance, but 
include Chang's empirical end correction [20]. Nominal SNS 
circuit parameters are given in Fi g.  1. 

The first ADCs that we successfully fabricated used a 3 
layer process which incorporated SEGB Josephson junctions 
over a groundplane [16]. The general processing parameters 
and circuit design bore many similarities to the later SNS 

Fig. 3. Optical closeup of the SNS ADC showing the coupled T flip-flop 
and Read SQUID on the right. Ground contact vias are barely visible as 
light patches on the base electrode islands. Note the relatively Ugh parasitic 
inductance (number of squares) necessary to form the junctions. 

process discussed above. The SEGB design assumed It of the 
junctions and LQ to be the same as the SNS process. The 
groundplane hole coupling was also identical to the earlier 
scheme. Fig. 4 is an optical micrograph of the area around~ 
the T flip-flop and Read SQUID for the SEGB ADC. 

JSPICE simulations using the design values for the SNS 
and SEGB ADCs gave similar values for optimal biases and 
bias margins [21], [22]. The most sensitive biases were those 
to the T flip-flop: B5 had the narrowest margins at 71a 

±15%; the biases and margins for the total bias lT = B6 + B7 
and the flux bias IF - B6 — B7 were 0.4/c7 ±30% and 0.6/f7 

±40% respectively (see Fi g.  1). 

HL TESTING AND RESULTS 

We tested the ADC circuits in a magnetically-shielded, 
temperature-controlled cryostat which operated above the he- 
lium bath. The operating temperature was adjusted using a 
LakeShore DRC-91C controller so that Jc and L were close 
to the design values. Biases were supplied by 15-bit digital- 
to-analog converters (HP 34524/HP 3235). We switched be- 
tween voltage taps using a relay multiplexer (HP 44470A/HP 
3488A). The voltages were measured by a Stanford Research 
560 preamplifier and a National Instruments 16-bit ADC 
board. The lines to the sample were heavily-filtered twisted 
pairs, with low-pass cutoff frequencies (/?C)-1 = 10 Hz. 

The edge SNS ADC outperformed the SEGB ADC: it had 
fewer errors and higher output voltages. This is a reflection of 
the better Jc reproducibility and higher IJim of the SNS proc- 

Flg. 4. Optical closeup of a SEGB ADC Ground contact vias are 
clearly visible as nested squares. Design parameters were essentially the 
same as the SNS ADC 
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css. SQUID voltages scale with IJt, [23]. We have seen volt- 
age modulations as large as 130 U.V in an SNS SQUID (/,/?„ 
- 500 nV) at 65 K [17], which is almost a factor of 10 better 
than its SEGB counterpart (/,/?„ - 50 U.V) [16]. Circuit mar- 
gins are degraded from their ideal values by wide process 
spreads. The SNS process has produced chips with 1-c Jc 

spreads as small as 12% [17], which is much better than we 
have ever achieved with SEGB junctions. We will therefore 
concentrate on the characterization of the SNS ADC. 

A. Edge SNS ADC 

We checked the YBCO film quality by measuring individ- 
ual SQUIDs on the same chip as the ADC. Microstrip induc- 
tances La = 1 pH were measured at 65 K, in agreement with 
earlier results and design values [16], [17]. We also measured 
critical currents at a number of points in the circuit The in- 
ferred local Jc = 675-1000 uA/um2 at 65 K was considerably 
higher than the 500 uA/nm2 design value. We could not sim- 
ply operate the ADC at a higher temperature because of the 
consequent increase of L^. The fabricated circuit suffered from 
parasitic inductances associated with the narrowness of the 
junctions and the layout of the ground contacts, which 
amounted to 1-2 D per junction (see Fig. 3). Additionally, 
we find that our estimate for the self inductance contribution 
of a groundplane hole (which neglected the kinetic inductance) 
was too low. 

In Fig. 5 we plot the modulation of the Read SQUID lc 

vs. the control current lm = (B8 — B9)/2. The depth of 
modulation of Ie yields the total inductance of the SQUID, 
assuming no asymmetry between junctions [17]. However, 
the effective total inductance inferred from the modulation 
depth (45 pH) is much larger than the sum of the geometric 
and groundplane hole inductance (- 20 pH). This implies a 
significant asymmetry between J9 and J10 [23]. Additionally, 
the critical currents of the 1.5 urn (nominally 175 uA) 
junctions (J9 and J10) were often low—we suspect the culprit 
was ion milling edge damage. The periodicity of lc gives us 
the microstrip inductance between current contacts [16], [17]. 
(See Fig. 3 for the Read SQUID geometry.) At 65 K, L7 = 
13.1 pH, of which - 4 pH are due to microstrip. The 
inductance due to the groundplane hole is therefore - 9 pH, 
almost 40% higher than our design estimate of 6.5 pH. 
However, the measured mutual inductance between L6 and L7 
was 3.3 pH, quite close to our estimate of 3.5 pH. As a 
consequence of the high Jc and additional sources of in- 
ductance, the Ue products were as much as a factor of 2 
higher than the design values in Fi g.  1. 

Testing of the ADC was relatively straightforward. 
Ramping up the current Bl causes J2 to pulse every = <VL1, 
with the position of the first threshold set by the bias B2. If 
the rest of the circuit is properly biased, these pulses propa- 
gate to the bistable T flip-flop and trigger it to switch states. 
The flux state of the T flip-flop (i.e., the current in L6) can 
be directly sensed by the Read SQUID, which is biased into 

0 250       500 
2*1    (UA) 

1000 

Fig. 5. lr vs. 2/„, = B8 — B9 for the Read SQUID. The period of -315 
uA gives a value for L7 = 13.1 pH. - 9 pH of which is due to the hole in the 
groundplane. The depth of modulation implies a total SQUID inductance of 
- 45 pH, which is much greater than the geometric inductance. Asymmetry 
between junctions J9 and J10 is the source of this discrepancy. 

the voltage state. As the flux in L6 toggles between 0 and 
4>0, the Read SQUID voltage should change between two 
corresponding levels. 

Our usual procedure was to set the DC biases to their 
nominal levels (scaled by the 'local" Jc) and then fix an ap- 
propriate bias point for the Read SQUID. We then ramped Bl 
at - 15 uA/s to 0.5-2 mA while watching the voltage across 
the Read. Biases B5-7 were then adjusted to achieve proper 
operation. Alternatively, we determined bias points for the T 
flip-flop by measuring its lobe boundaries. The lobe boundary 
measurements were difficult to interpret because the induc- 
tances were often large enough to store multiple flux quanta. 

In Fig. 6 we plot two successive traces of the Read 
SQUID voltage V against Bl, the input current to the quan- 
tizer, at 65 K. We averaged the voltage for - 100 ms at each 

> 3. 
> 
a 
5 a 
CO 
■o 
U 
0Ä 

200 1600 400  600 800 1000 1200 1400 

Input Signal, Bl (}iA) 
Fig. 6. The SNS ADC in Operation at 65 K. The Read SQUID voltage 
switches between two levels, corresponding to the flux state of the toggle 
flip-flop. The open and closed symbols are two successive ramps of Bl 
taken two minutes apart which show some instability in the switching 
thresholds. However, the 125 uA average period agrees well with the 
design value. «tyLI - 130 uA. 
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bias point. Occasionally, a switch occurred during averaging. 
This shows up in Fig. 6 as an intermediate voltage between 
the two "stable" values. The Read voltage has a = 125 JiA 
period. The microstrip inductance inferred from this period L^ 

■ = (<jyAI)/14.5D = l.l pH agrees well with our recent inde- 
pendent measurements [16]-[19]. The drift in the Read voltage 
is an artifact of the measurements. This particular sample had 
ground contact problems: due to a resistive ground contact, 
large input signals modified the Read SQUID bias, changing 
its output. 

Both traces show evidence for threshold instability. Our 
ADC is not immune to thermal and electronic noise: first, 
variations in Jc decrease the operating margins of the circuit; 
the closer circuit operation is to the margins, the higher the 
error rate. Second, it is not clear that the design values of Ie 

(J7 = J8 = 330 JiA) themselves are large enough at 65 K to 
ensure a low thermal-activation error rate [4J. Our measure- 
ments of Je on this circuit showed a wider spread (675-1000 
uA/nm2) than the best we have obtained for the edge SNS 
process [17]. Both vulnerabilities are reflened in our meas- 
urements of the margins of B5, IF. and Ij, which were all 
smaller than 5%. Admittedly, the margins arc ill-defined, 
since even in the best case, errors were present. 

IV. CONCLUSIONS 

We have designed, fabricated, and demonstrated HTS SFQ 
1-bit counting ADCs which operated at low speeds at 65 K. 
We used a 6 epilayer process which included an integrated 
groundplane and edge SNS junctions as well as a 3 epilayer 
SEGB process. This is the first demonstration of a circuit 
process extendible to making SFQ circuits of technological 
interest (10s-100s of Josephson junctions) which operate at 
high temperatures. 
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Inductance measurements in multilevel high Tc step-edge gram 
boundary SQUIDS 
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Multilevel high Tc SQUIDs, suitable for digital circuit applications, have been fabricated and tested 
52 devices empfaya YBa2Cu307_, (YBCO) ground plane, an epitaxial SrTi03 insulator, and a 
SttPSA lV «ons are formed by the step-edge grain boundary process^ with a 

7nH ^contact for the "low" side of each junction, using only isotropic sputtering and milling 

„; to Sure the microstrip inductance, and thus to infer the magnetic penetration depth of the 
^CO ^QUIDs are operational above 77 K, at which temperature we infer a penetration depth 
o?350nmm temperature dependence of the penetration depth is found to be m reasonable 
a^eLlwuh the oVrter-Casiml form close to Tc. © 1994American InsUtuteof Phystcs. 

The development of a high-temperature superconducting 
(HTS) digital circuit process requires the development of re- 
producible Josephson junctions, and the integration of these 
junctions into an epitaxial, multilayer process. Such layers 
would include superconductors, epitaxial insulators, and 
probably epitaxial resistors. Of particular importance is the 
use of a superconducting ground plane, to keep circuit induc- 
tances values both low and well defined 

Low inductances are essential for single flux quantum 
circuits, so that a single quantized voltage pulse, 
<pn=ft/2e=1000 pH fiA, can generate sufficient current m a 
load inductor. Even simple structures, like Josephson chgital 
transmission lines for logic gate interconnections, will need 
inductors as small as 5 pH between junctions. 

Single flux quantum circuits can obtain logic clock 
speeds above 10 GHz with junction ^„=100 /AV. In con- 
trast, circuits buUt without ground planes will have large 
interconnection inductances, requiring voltage-state logic 
gates, and are unlikely to operate at GHz clock rates 

Here we report the first demonstration of .multilayer 
Mgh-teimWature superconducting SQUIDs, suitable for 
digital circuit applications in the 65- to 77-K temperature 
range. Further, our process employs isotropic film deposition 
and etching techniques, with no favored direction for the 
junctions, and thus is potentially extendable to complex cir- 

A previous report by Missert et at described the fabri- 
cation of step-edge superconductor-normal-superconductor 
(SNS) junctions over a ground plane, using directional depo- 
sition of the YBCO to ensure a discontinuity in the YBCO 
over a step in a deposited insulator, with a noble metal de- 
posited as the normal barrier.1 These devices operated as 
SQUIDs only up to 20 K, preventing the measurement of 
inductance as a function of temperature up to the more useful 
65- to 77-K temperature range. 

We have fabricated step-edge grain boundary junctions 
over a YBCO ground plane, using a process which is de- 
signed from the outset to allow junctions to be fabricated in 
four directions, for flexibility in circuit layout. Since the fab- 
ricated devices operate to above 77 K, we have measured the 
inductance of a microstrip portion of the SQUID loop as a 

function of temperature, and have inferred the temperature- 
dependent magnetic penetration depth for our YBCO films. 

Our fabrication process uses off-axis rf magnetron sput- 
tering for both YBCO and SrTi03 films, with YBCO sput- 
tered in oxygen, argon, and water,2 and SrTi03 in oxygen 
and argon. Typical deposition temperatures were in the 670- 
700 °C range for both materials. Substrates rotated during 
deposition to ensure uniformity and edge coverage. Pattern- 
ing of each layer was by argon ion milling with a 20-cm 
diam rf ion source, with beam energies of 150 and 300 eV 
for the YBCO and SrTi03, respectively. Samples were 
clamped to a water-cooled, rotating sample table during mill- 
ing. The choice of a higher voltage for the SrTi03 is dictated 
by the need for a weU-collimated beam for etching of sharp 
steps in this layer, while the slightly more divergent beam 
obtained at 150 eV is more suitable for milling tapered edges 
in the YBCO layers. An end-point detector based on second- 
ary ion mass spectroscopy was used to determine when to 
terminate each etch step. 

A YBCO (001) ground plane, typically 200 nm thick, 
was deposited first on a single-crystal substrate of 
NdGaO3(110) or LaAlO3(001) (cubic crystal approximation), 
and its pattern defined with photoresist, with a process de- 
signed to give tapered photoresist sidewalk. The film was 
etched by ion rolling at a shallow angle, which, in combina- 
tion with the tapered resist, ensured that the edges of the 
YBCO should be tapered to ensure good contact with the 
second YBCO layer and good coverage by the SrTi03. After 
ion milling the photoresist was stripped using a combination 
of rf oxygen plasma, and soaking in acetone. We have found 
from XPS observation that this process leaves the surface of 
the YBCO relatively free of both hydrocarbons and carbon- 
ates. 

After deposition of a 200-nm SrH03 layer, another pho- 
toresist process, this one designed to produce a steep resist 
profile, was used to define its pattern. Ion milling at close to 
normal incidence was then used to etch the SrTi03 film, 
producing sidewalk with angles thought to be between 0° 
and 20° from vertical, based on the observation of test 
samples, viewed in cross section in a scanning electron mi- 
croscope (SEM). After the resist clean-up a second 200-nm 
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FIG. 1. Micrograph of a fabricated multilayer HTS SQUID, and schematic 
cross-sectional view. The microstrip inductor is 10 fan wide. 

layer of YBCO was deposited, followed by approximately 30 
nm of Au, in situ. This bilayer was then patterned by photo- 
lithography and ion milling, with no particular precautions 
taken in defining the profile of the etched material for this 
last layer. The Au was left in place both to provide low 
resistance contacts and to protect the grain boundary junc- 
tions from processing damage, which we have observed in 
"uncovered" junctions. 

It is worth noting that we have not found it necessary to 
use a deposited milling mask, such as Nb3,4 or diamondlike 
carbon,5 to produce sharp steps in our deposited Sr7i03, a 
significant process simplification. This is also in contrast to 
our own work in making junctions on a step etched into a 
single-crystal NdGa03 substrate, where a metal mask was 
required to obtain sharp steps. This is an example of the 
often significant differences in the etching properties of the 
various materials being employed in HTS process develop- 
ment. 

Figure 1 shows a photograph and a schematic cross- 
sectional view of a fabricated SQUID. The SQUIDs incorpo- 
rate microstrip inductors, L^, of l0-/jm width and various 
lengths, into which a control current, /„,„, can be directly 
injected to provide a flux, <I>=I/i/cont. The junctions, of 
width 6 or 10 fan, contact the ground plane in a region that 
contains a grid of holes, seen on the right in Fig. 1, which 
allow both c-axis and a-fc-axis contact between the two 
YBCO layers. 

In exploring the processing parameters involved in fab- 
ricating these devices we have produced ten chips, with six 
SQUIDs on each. The quality of the devices, as measured by, 
for example, amplitude of voltage modulation, varied with 
the detailed process parameters, which are still being opti- 
mized, but the overall yield of modulating SQUIDs was 
about 70%. Failures of many of the remaining 30% can be 
traced to observable defects in the fabrication process. 

The current-voltage characteristic of a typical SQUID at 
70 K is shown in Fig. 2(a), with and without 10-GHz radia- 

-800 -400       0        400 
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800 

-800     -400       0        400 
Control Current [uA] 
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FIG. 2. Current-voltage characteristic, with and without 10-GHz radiatioi 
(a), and voltage vs control current, (b), for a SQUID with a SO-fun-lon 
microstrip inductor. Both are at 70 K. 

tion, and exhibits behavior generally consistent with the fe 
sistively shuned junction model, with the expected down 
ward curvature. Most devices show evidence for weal 
constant-voltage steps in the 7-7 characteristic in the ab 
sence of microwaves, which we have not seen in junction; 
fabricated directly on NdGa03 and LaA103 substrates, with 
out a ground plane. This may be due to L-C resonances 
associated with the high dielectric constant of the SrTi03. 

Figure 2(b) shows SQUID voltage versus control cur- 
rent, at 70 K. The period of this modulation is determined by 
the inductance of the microstrip portion of the loop, Z, „ in- 
cluding any parasitic inductance associated with the center 
tap and the ends, through 

A/con,= L' (1) 

where <!>„ is the superconducting flux quantum. By measur- 
ing this period, directly from oscilloscope traces, as a func- 
tion of temperature we determine the inductance as a func- 
tion of temperature. This is shown in Fig. 3(a) for a 50-/an- 
long, 10-/jun-vride microstrip inductor. 

To infer an effective penetration depth, X, for our YBCO 
films we assume that the two films are identical, and use the 
following expression for the inductance per square of a su- 
perconducting strip over an infinite ground plane:6 

L = 
fi0dK 

w 
2X        lb 

l+Tcoth- (2) 
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where, d is the insulator thickness, w the microstrip width, b 
the superconductor thickness, and K is a factor that deter- 
mines the field strength at the center of the finite width mi- 
crostrip. Here, X is for transport current and magnetic field 
(neglecting small fringing fields) parallel to the a-b plane, 
and thus is kab of Ref. 7. The value of K for our microstrip 
can be determined to be approximately 0.93 from Fig. 3.09d 
of Ref. 6, using our experimental values of <f=200 nm and 
»v=10 fan. Combining this with the experimental value, 
Z>=220 nm, and measured values of Lß for the 50-/un-long 
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microstrip of Fig. 3(a), we solve Eq. (2) to determine k. The 
result is shown in Fig. 3(b) as a function of temperature. The 
magnitude of the inferred penetration depth isin goodagree- 
menTwith measurements by other techniques.7 The sohd line 
in Fig. 3(b) is a fit to the Gorter-Casimir form for the 
temperature    dependence    of    the    penetration    depth: 

Mr)=ai-ff/* for ^ data above ^/Tl 
measured zero-resistance transition temperature of 86 K. 

In summary, we have fabricated HTS step-edge grain 
boundary SQUIDs incorporating a HTS ground plane, using 
a process which allows junctions to face in all four direc- 
tions. These SQUIDs have critical currents of a magnitude 
useful for digital circuit operation in the 65- to 77-K tem- 
perature range, and exhibit good Josephson behavior. Mea- 
surements of the inductance of the microstrip portion of the 
SQUID loop have allowed us to infer a penetration depth for 
our YBCO films, whose magnitude and temperature depen- 
dence are consistent with other measurements, and with the 
requirements of low-inductance interconnects in digital cir- 
cuits. Further work is required to determine the reproducibil- 
ity of the process, especially that of junction critical current, 
and to replace the SrTi03 with a lower loss insulator. 
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High-Tc superconductor/normal-metal/superconductor edge junctions 
and SQUIDs with integrated groundplanes 

B D Hunt,3» M. G. Forrester, J. Talvacchio, J. D. McCambridge, and R. M. Young 
Northrop Gnmman Science and Technology Center, Pittsburgh. Pennsylvania 15235 

(Received 14 March 1996; accepted for publication 12 April 1996) 

Epitaxial high-TV superconductor/normal-metal/superconductor (SNS) edge-geometry weak links 
a^perconducting centum interference devices (SQUIDs) have been fabricatedwtth integrated 
YBa,Cu,07 (YBCO) groundplanes and SrTi03 insulators, using a process which incorporates six 
epitaxial layers. The SNS edge junctions were produced using off-axis sputtered films and 
Co-doped-YBCO normal metal interlayers. These devices show excellent performance with typical 
aScalcurrent-resisunce {IcRn) products of 500-800 fiW for 100-150 A thick normal metal layers 
StXoifal current Sensity (Jc) spreads as small as 12%. SNS^SQUIDs^ratrng 
^oundplanes exhibit voltage modulation of up to 130 ^ at 65 K and 40 ^V at 77 K SQUTO 
Inductance measurements indicate microstrip inductance values of 1 pH per square at 65 K. 
© 1996 American Institute of Physics. [S0003-6951(96)00925-4] 

Single flux quantum (SFQ) digital circuits based on 
high-temperature superconductors (HTS) have the potential 
to perform logic operations at 10 GHz clock rates while dis- 
sipating only a microwatt per gate. In order to fully realize 
this potential, it is necessary to develop a circuit process 
which integrates reproducible Josephson junctions into epi- 
taxial multilayers. In particular, a superconducting ground- 
plane is required to keep circuit inductances low enough that 
a single quantized voltage pulse can generate sufficient cur- 
rent in a load inductor. 

We have previously reported the incorporation of 
YBCO-based step-edge grain boundary junctions with a HTS 
groundplane, demonstrating multilayer SQUIDs with mi- 
crostrip inductances as low as 1 pH per square at 65 K. The 
practicality of such junctions for large-scale circuits was, 
however, limited by their ICR„ values (typically 50-100 /iV 
at 65 K) and poor critical current uniformity (typically no 
better than 30%, 1-tr, on chip). 

Here we report the demonstration of superior SNS edge 
junctions, integrated with a groundplane, in a process incor- 
porating six epitaxial layers. These junctions exhibit IcRn 

values of 500-800 fiV at 65 K, and critical current unifor- 
mities as low as 12% (l-o-), making them more promising 
candidates for a manufacturable HTS digital circuit process. 
Along with results reported by Conductus,2 these are the first 
SNS edge junctions with separate but integrated HTS 
groundplanes,3 which operate above 50 K. 

The YBCO, Co-doped-YBCO, and SrTi03 (STO) films 
used in this work were deposited by off-axis if magnetron 
sputtering following processes detailed elsewhere. An es- 
sential condition for circuit-compatible YBCO growth is the 
production of smooth, outgrowth-free films, which helps en- 
sure good electrical isolation between successive YBCO lay- 
ers. In practice it is found that smooth YBCO film growth by 
off-axis sputtering is sensitive to deposition system cleanli- 
ness, as well as surface cleanliness of the underlying epi- 
layer. In our process, each epitaxial growth step over a pat- 
terned underlayer was proceeded by ex situ oxygen plasma 
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and 150 eV Ar/02 ion mill cleaning steps. We also optimized 
insulator growth temperatures to enable proper oxidation of 
the buried groundplane, while maintaining an adequate epi- 
taxial template for growth of high quality overlayers.6 Ac- 
ceptable STO growth temperatures were in the range of 670- 
690 °C, compared to typical YBCO deposition temperatures 
of 720-730 °C. The normal metal layers were 
YBa2Cu2.79Cooji07_a (7% Co-doped YBCO), optimized for 
smoothness and maximum Co incorporation (minimum Tc). 
Typical Tc values for Co-YBCO layers were 51-58 K. 

Our multilayer device structure, shown in cross section 
in Fig. 1, is based on SNS edge-geometry weak links fabri- 
cated over a YBCO groundplane. We chose the buried 
groundplane geometry to minimize the processing steps 
needed to complete the SNS device after the counterelec- 
trode deposition, although there is no a priori reason to rule 
out the use of groundplanes on top. The choice of YBCO 
SNS edge junctions was driven by the known advantages of 
this technology,7,8 and by the promising device results that 
have been achieved using SNS edge junctions with Co- 
doped-YBCO normal metal layers.9'10 

The process used to pattern each layer except the coun- 
terelectrode was designed to produce an edge taper of 20°- 
30° from the horizontal, independent of edge orientation. 
This was achieved by using Hoechst 1518 resist, «flowed 

SNS Edge Junction 

Countereieetrode 
Bate electrode 

/  Groundplene 
C-X-X>>>>>>>>>>>>>5ub«"thrter 

QYBCO    □STO    dCo-YBCO  J||AU 

FIG. 1. Schematic cross section of an YBCO/Co-YBCQ/YBCO SNS edge 
junction integrated with an epitaxial YBCO groundplane. The multilayer 
structure includes six epitaxial layers and contact vias to the groundplane 
and base electrode. 

OO03*-^051/96/68(26y3805/3/$10.O0 © 1996 American Institute of F   ?>cs       3805 



after patterning for 5 min at 130 °C, and then Ar ion milling 
the rotating substrate at 150 eV and 50° from normal. Each 
patterning step was followed by the cleaning process de- 
scribed above. The fabrication began with the deposition of a 
c -axis-oriented 2250 Ä  YBCO groundplane on a  (110) 
NdGa03 substrate, followed by growth of a STO passivation 
layer. The groundplane was patterned, a 2400 A STO layer 
was deposited, and via holes to the groundplane were de- 
fined. Next, an 1100-3500 A YBCO base electrode and 
1500 A STO capping layer were grown and patterned. After 
an in situ Ar ion mill clean we deposited 100-250 A of 
epitaxial  Co-doped  YBCO,  followed by growth  of the 
YBCO counterelectrode, an in situ anneal, and finally in situ 
sputtering of a gold contact layer near room temperature. Via 
holes were patterned down to the base electrode, and gold 
was sputtered and lifted off in the vias to provide base elec- 
trode contacts. Finally, the YBCO counterelectrodes were 
defined with a straight-wall resist process and Ar ion milling. 

Our standard test pattern consisted of 20 junctions ar- 
rayed on four sides of a square base electrode with nominal 
widths of 2, 4, and 6 fim. and 75X75 fim2 groundplane 
patches under half the junctions. The layout had four or nine 
subchips on each 1-cnr chip, and the subchip to be tested 
was wire bonded into a 44 pin carrier. Subchip designs in- 
cluded junction test structures, SQUIDs, and SFQ circuits. 
Automated chip testing was done in a temperature con- 
trolled, magnetically shielded cryostat with three orthogonal 
pairs of magnetic field coils. 

The I-V characteristics on a typical chip for the four 
4-/im-wide SNS junctions over groundplane patches are 
shown in Fig. 2. The data were taken at 65 K on devices with 
150 A Co-doped-YBCO normal metal interlayers. The aver- 
age device parameters for these junctions are: yc=1.27 
X 105 A/cnr with a l-o- spread of 20%; /,J?n=587 fiV with 
a I-cr spread of 15%; and/?„A=4.8X 10~9 Cl cm" with a 
I -a spread of 24%. A key point to note is that these junction 
parameters are essentially identical to those for junctions % 

without groundplanes: fabricating the edge junctions above 
the patterned groundplane and groundplane insulator did not 
degrade the device quality. Isolation between the junction 
film layers and the groundplane was checked on test struc- 
tures   located   adjacent   to   the   actual  junctions.   Room- 
temperature measurements verified typical isolation resistiv- 
ities greater than 106 fl cm. Studies of via test structures and 
circuits located on the junction chips demonstrated base- 
electrode-to-groundplane vias with critical currents greater 
than 9 mA, the current limit of the. test setup. 

Another important issue is that these SNS weak links 
have large ICR„ and R„A products relative to most reported 
SNS device results. For Co-doped YBCO thicknesses of 
100-150 A, the ICR„ products are typically in the range of 
500-800 /xV at 65 K. and 150-250 /iV at 77 K, values 
which are more than adequate for production of SFQ cir- 
cuits. The /?„/! products are ~5-10 times larger than ex- 
pected from the Co-doped YBCO resistivity and layer thick- 
nesses. We believe the relatively high junction resistances 
are due to inhomogeneous S-N interface resistances. Non- 
uniform conduction through a SNS device can reduce the 
active area and increase R„ without reducing ICR„, if highly 
conducting    regions    are   separated    by    nonconducting 

-1.5 "OS       0        as 
Voltage (mV) 

1.5 

FIG. 2. Current-voltage characteristics at 65 K for the four 4-/im-wide SNS 
junctions with integrated groundplane« on a typical test chip. The Co-doped 
YBCO thickness is 150 A and the average /,£. product is 587 /aV. 
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areas."" We find, in fact, that the Ä„A products vary as a 
function of the base electrode edge formation process, sug- 
gesting that the base electrode-normal metal interface con- 
tributes directly to the high observed resistances. Inhomoge- 
neous conduction through this interface could result from 
nonuniform edge damage or a patchy insulator layer caused 
by sputtering the insulator overlayer down onto the base 
electrode edge. Although the origin of the large R„A prod- 
ucts is not fully understood, we have demonstrated reproduc- 
ible control of device resistances, and the high resistances we 
obtain are important for many applications. 

The 1-cr critical current variations we observed ranged 
from 12% to over 40% on the eleven 1-cm2 chips (16 sub- 
chips) we have tested with groundplanes. In most cases, the 
1-cr spreads for the devices over groundplanes were compa- 
rable to companion junctions without groundplanes. Larger 
Ic spreads were generally associated with rougher base elec- 
trode or counterelectrode films. As progress is made in opti- 
mizing film growth for smooth surface morphology we ex- 
pect to routinely achieve the 10%—15% lc spreads required 
for small-scale SFQ circuits (< 1000 junctions). 

Shielding of the groundplanes was qualitatively verified 
by magnetic-field Ic modulation studies. Figure 3 is a plot of 
Ic versus magnet current for a field perpendicular to the sub- 
strate at 77 K for junctions with and without a groundplane 
patch. Both curves show Ic modulation approximately con- 
sistent with the expected sin(x)/x behavior, indicating good 
large-scale uniformity of the normal metal layers. However, 
the junction over the groundplane exhibits a modulation pe- 
riod approximately four times that of the other junction, 
demonstrating the magnetic shielding effect of the supercon- 
ducting film. Complete shielding is not observed due to the 
large demagnetization factor associated with a field applied 
normal to the groundplane film. 

In order to quantitatively characterize the effectiveness 
of the ground plane, we fabricated direct-injection SQUIDs, 
similar to those previously fabricated using step-edge grain 
boundary junctions.1 The applied control current, /$, flow- 
ing through a microstrip portion of the SQUID inductor, is 
given by (/,-/2)/2, where /) and 72 are the current injected 

Hunt et al. 
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FIG. 3. Plot of critical current vs magnet current for fields normal to the 
substrate for 4-/im-wide junctions with and without groundplanes at 77 K. 

in the left and right ends, respectively, of the inductor, figure 
4(a) shows the SQUID voltage as a function of /«,, for vari- 
ous fixed values of the total bias current I\ + h- The period, 
A/*, of these modulation curves is related to the inductance 
of that portion of the SQUID loop, L^, by 

A/   -*° 0) 

where <J>0 is the superconducting flux quantum. By measur- 
ing this period as a function of temperature we determined 
LJ.T). This is shown, normalized to the inductor length, in 
Fig. 4(b) for five SQUIDs with varying lengths of microstrip 
inductor. The inductance per square values obtained are in 
good agreement with those reported in Ref. 1. Using the 
expression for the inductance of a strip over an infinite 

-10 1 
(1,-1,)/2 (mA) 

u 
c 
m 
u 
3 
V 
C 

-T" —I— —i— T" —r 
0 

6 (b) 
* 1 square 
x 2 m 

o 4 0 . 
4 o 8 • 

m 
• 16 o V . 

2 
■9 9 9 9 9 1 

■ 
■* • 

0 Zl  • l -1  _LZ 
60 65 70 

T(K) 
75 80 

FIG. 4. (a) 77 K voltage modulation as a function of control current for a 
direct-injection SNS edge junction SQUID with integrated groundplane. The 
bias currents are 480. 490. 500, 510. and 520 fiA. (b) Measured inductance 
per squire for five SQUIDs as a function of temperature. 

A„„l   Ph...;   I aH    VVnl   CP   Un   Oti   ">A .hint» 1QOC 

91 

groundplane, as in Ref. 1, we infer an effective penetration 
depth, for current and field both in the a-b plane, of 
Xa_fr»«0.2 fim at 65 K, consistent with our previous measure- 
ments. 

While the period of the voltage modulation is related to 
the inductance of the microstrip inductor into which the con- 
trol current is injected, the depth of modulation is related to 
the total inductance of the SQUID. Using standard SQUID 
models,13 including the effects of thermal fluctuations,14 we 
estimate an upper limit (assuming negligible asymmetry in 
the junction critical currents) on the total inductance of the 
smallest SQUID of Fig. 4(b) to be about 12 pH at 65 K. The 
inductance is thus dominated by the 3 fun wide junction legs 
of the SQUID, and their contacts to ground. Minimizing this 
unwanted inductance, especially for our relatively high Jc 

devices, will require careful layout and junction alignment. 
In summary, we have demonstrated high quality SNS 

edge junctions and SQUIDs integrated with superconducting 
groundplanes using a circuit-compatible omnidirectional 
edge formation process. The junctions exhibit lcRn products 
of 500-800 /iV at 65 K with l-o* Ic spreads down to 12%. 
Effectiveness of the groundplanes was verified by single 
junction /(.-modulation studies and by direct injection 
SQUID measurements. The SQUIDs show voltage modula- 
tion of up to 130 /tV at 65 K and 40 (iV at 77 K, and 
analysis of the SQUID data gives microstrip inductances of 
— 1 pH/D at 65 K. These devices are suitable for fabrication 
of small-scale HTS SFQ circuits and our results in that area 
will be reported elsewhere. 
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Abstract  -  A   consistent    motivation    for  the 
.     " „f high temperature 

~r.r (HTS, J~*~ J-£«£ 
been the desire for high-speed, low-power 
d gital clrc.lt.. The fabrication of niean.ngful 
lg e-nux-quantum (SFQ) circu.ts .n HTS 
Tchnology'requires a mu.UUyer process fo 

♦.«i     «r    circuit     inductances. previous 
i„°vne Ugators h'e reported simp.e SFQ circuits 
„ a ngle YlBa2Cu3Ox (YBCO) iayer process or 

two junction SQUIDS in a two YBCO iayer 
process. Based on these previous results, we 
nlve designed and fabricated s.mple SFQ 
circuits usfng a two YBCO iayer process w.th 
step-edge-grain-boundary  junctions. 

I. Introduction 

SuDcrconductive digital circuits have been shown to 
opeäTaTrnuHi-GHz clock rates with orders of magmtude 
ZT^Z consumption than semiconductor circuits of 
lower pow cxtcnsion of this technology to 

:™omp"ste - of high temperature superconductivity 
OTsTSupled with the availability of compact, low-cost 
^ookrs   will have an immediate impact on  advanced 

Ä*- p—-** -d dcfcnse decaomcs 
SySt

stgle-Flux-Quantum (SFQ) logic has advantages over 
other types of superconducting logic in terms of speed and 

oower  111-      Moreovcr'   SFQ   l0g,C   USCS, "     KS Chson Junctions, and thus  is  compatible with HTS 
Sons demonstrated to date. This has been demon^ 

through SFQ circuits fabncated us.ng a «ngle level 
Scu3Ox (YBCO) process[2]. This paper descnbes the 

design and fabrication of simple' SFQ circuits in a multilevel 
WO technology. The choice of technology was ba*d on 
•he ability to fabricate both Josephson junctions and 
multi ayer HTS films. For practical digital circu.ts, junctions 
Tti critical currents (Ic) ranging from 100 UA to 500 UA. 

and products of Ie and normal state resistance (R„) of more 

than 300 UV are desired. 
Approaches to YBCO junction fabrication  have met 

with varying degrees of success. Bi-crystal juncuons which 

^n"ed in part by AFOSR contract No. F49620-94-C-0021 
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require fused substrates have yielded good junction 
properties, but at high cost and with severe limitations on 
circuit layouts. Junctions with deposited barriers, such as 
edge junctions, are difficult to integrate into multilayer 
structures since they require additional epitaxial film 
depositions. Step-edge-grain-boundary (SEGB) junctions, 
which are formed by discontinuities in crystal orientation as 
the HTS film covers a step in the substrate, have the 
disadvantage of rather large spreads in Ic. but are more easily 

integrated with multilayers. For circuits with few 
junctions, variations from designed critical currents can be 
compensated by adjusting the dc bias current to each 

junction. 

II. Fabrication 

Junctions 
SrTIO, 

Molybdenum m-SItu   Au 

'////////A 
Fig 1 Cross section of the process used to fabricate single 
flux-quantum circuits with step-edge-grain-boundar) 

junctions. 

We have fabricated circuits using a five mask level 
process as illustrated in Fig. 1. This process, which uses 
two levels of YBCO deposition, is based upon that used by 
Forrester et al. to fabricate dc SQUIDs [3]. 

The first deposition of YBCO (2000A) formed the ground 
plane This layer was removed from the region outside the 
active circuits by ion milling to reduce the possibility of 
shorting from bias leads to ground and to provide reliable 
end-point detection for the milling operation. 

Following patterning of the ground level YBCO, a 3000- 
4000 A layer of SrTi03 was deposited as a dielectric. This 

level was patterned twice using two different masks and two 
different sets of ion-milling conditions.    The first etch, 



(1500-2000 Ä) was used to define steps for the formation of 
junctions. This process step was designed to produce a sharp 
step, with rotation of the substrate during milling allowing 
junctions of arbitrary orientation. In practice, only 
orthogonal junctions were used. The second milling step 
penetrated the dielectric and was designed to produce a much 
shallower ramp (< 30'). This shallow ramp was intended to 
permit a transition from the microstrip level to the ground 
plane level without introducing an unwanted junction. By 
using a two-step dielectric etch we were able to combine 
floating and grounded junctions, a requirement for SFQ 
decision circuits, while fabricating all junctions with the 
same process steps. This, in turn, reduced run-to-run process 
variations which contribute to non-uniform junction critical 
currents. 

The second level of YBCO formed the inductors and 
junctions of the SFQ circuits. Junction contacts to ground 
were made through ground plane vias to provide a- and b-axis 
contact. Following the active layer YBCO deposition a thin 
layer of gold was deposited in-situ both to act as a 
passivation layer and to provide a good contact for wire 
bonding. 

The final process step was deposition of a molybdenum 
film for 1 ohm per square resistors. 

m. Circuit Layout 

Circuit layouts were generated for the following circuits: 
set-reset flip-flop, T-flip-flop (TFF) with digital readout, T- 
flip-flop with voltage mode readout, SFQ quantizer, one-bit 
SFQ analog-to-digital converter, and sigma-delta modulator. 
These circuits are well known [1], [4], [5] and will not be 
described in detail here. A T-flip-flop will be used as an 
example to illustrate layout concepts. 

Figure 2 shows the circuit diagram and the corresponding 
mask layout for a SFQ TFF with a magnetically coupled 
readout SQUID. Junctions in the TFF have designed critical 
currents of 233 uA for the upper junctions and 333 \iA for 
the lower junctions. Critical currents are scaled by the width 
of the junction. Individual dc bias leads to each junction 
were included to allow compensation for variations in 
junction critical currents. Additional leads were provided for 
average voltage mode testing. 

While, in principle, the process allows junctions in 
arbitrary orientation, only x and y orientations were used in 
the present work. The fact that two junctions are formed at 
each step has been ignored in the circuit layout, under the 
assumption that one of the junctions will dominate, with the 
second junction having minor phase variations. This is not 
inconsistent with the observed behavior of dc SQUIDs 
fabricated by a similar process [3]. 

Junction contacts to ground arc formed through the edges 
of ground plane vias, as shown in Fig. 2, to allow a- and b- 
axis current flow.    As noted in the previous section, the 

Fig. 2 Circuit diagram and mask layout of a T-flip-flop. 

shallow ramp of the insulator vias was not expected to result 
in junctions. 

The use of SEGB junctions in our process requires an 
even number of junctions between each pair of ground 
contacts. Where circuit designs differed from this process 
requirement, an additional, interdigitated, junction was 
introduced as shown at the top of Fig. 2. 

93 



Circuit inductances were scaled from the SQUID 
measurements of Forrester et al [3], taking into account 
differences in the dielectric layer thickness. 

Included in the circuit of Fig. 2 is a readout SQUID 
magnetically coupled to the storage inductor of the TFF. 
Coupling is achieved through a common ground plane hole 

following Chang [6]. 

IV. Conclusions 

We have identified a process for the fabrication of HTS 
digital circuits using step-edge-grain-boundary junctions. The 
process incorporates multilayer YBCO films for inductance 
control, arbitrary location of Josephson junctions, and 
resistors. With the addition of an additional superconducting 
wiring level, the process is extendible to complex circuits, 
limited only by process yields. Simple SFQ circuits using 
this process have been designed and fabricated. 
Measurements of these circuits are in progress. 
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ABSTRACT 

We have fabricated high-Tc superconductor/normal-metal/superconductor (SNS) weak links in 
an edge geometry with integrated YBa2Cu3Ox (YBCO) groundplanes using a process which 
^comoX six epitaxial layers, including a Co^loped-YBCO normal-metal interlayer. The 
SNS edge junctions were produced using films deposited by both off-axis sputtering and 
milsed laser deposition. These devices exhibit narrow Jc spreads and high LR^ products m a 
Sent densityregime suitable for Single-Flux-Quantum (SFQ) circuits, ^device technol- 
ogy has been used to fabricate high performance SQUIDs and small-scale SFQ digital circuits. 

KEY WORDS: SNS, Josephson junction, edge junction, groundplane, YBa2Cu3Ox 

INTRODUCTION 

SFO loeic offers the potential of 10 Ghz operation combined with very low power dissipation. 
Demonstration of SFQ circuits requires the fabrication of high quality Josephson junctions in a 
multilevel epitaxial process. In particular, junctions with high critical-current - normal-state- 
resistance (LRB) Products (>200 \iV), narrow critical current spreads «15%). and low junc- 
tion and interconnect inductances are needed. The inductance constraints are most readily 
satisfied by incorporation of a superconducting groundplane. We have recently reported1 on 
the fabrication oHiigh performance SNS edge junctions and SQUIDs integrated with YBCO 
groundplanes [1,2] and good progress in this area has also been made by other groups [3 4]. 
In this paper we present an overview of our work with new details on processing, as well as 
recent junction, SQUID, and circuit results. 

PROCESS DETAILS 

The YBCO SrTiO, (STO), and Co-doped YBCO (usually YBajCu^Co^.O, - 7% Co), films 
used in this'work were deposited by off-axis rf-magnetron sputtering or by pulsed laser depo- 
sition (PLD) To date, sputtering has been used for deposition of every layer for some chips, 
and is usually utilized for growth of the groundplane and groundplane-insulator. Details of the 
gutter deposition were given in an earlier paper [1]. Our PLD film process* less mature than 
our sputtering process, and has primarily been used for YBCO base electrode deposiüon and 
for growth of the normal metal and counterelectrode layers. A description of the PLD^filrn 
prS is given in Ref. [2]. The RMS roughnesses of PLD YBCO fihns in 10x10 m AFM 
scans were - 30 - 50 A compared to = 10 - 30 A for the best sputtered films. While the PLD 
YBCO films were not as smooth as the best off-axis-sputtered films, we have found that our 
PLD film process appears to be more stable overall, and further optimization of the PLD 
process is expected to lead to smoother films. 

95 



800 
? 
a   600 
a. 

» 
1 

■—
 

■ 
1 

Sputtered ^s^      " 

>. 
>    400 

^00"°                    _■■    PLD 

^^ 
£    200 . 

o 
i B ^Device operating 
! S ; temperature 

0 50              100             150             2CK 
Temperature (K) 

Fig. 1. Resistivity versus temperature for typical 7% Co-doped YBCO thin films produced by 
off-axis sputtering and laser ablation. 

The Co-doped YBCO normal-metal films were grown by both sputtering and PLD under 
slightly different conditions from YBCO [1,2]. These deposition parameters produced films 
with the best electrical properties, although the Co-YBCO films generally contained more 
outgrowths than optimized YBCO films. We found that the PLD-optimized YBajCuuCoojO, 
thin films usually had electrical properties closer to bulk values than the sputtered films as 
shown in Fig. 1, with transition temperatures more suitable for the desired circuit operating 
temperature of 65 K. The broader, higher-temperature transition seen with the sputtered Co- 
YBCO films is believed to be due to inhomongeneous Co incorporation. Nonetheless, both 
the sputtered and PLD grown Co-YBCO films have been used for fabrication of high quality 
SNS junctions.   We have also fabricated SNS edge junctions using Y07Ca0JBa2Cu3Ox or 
Y0.73Pr0.i5Ba2Cu3O, as normal metals [5], but the Co-doped YBCO devices had I..R,, products 
slightly larger than the Pr-YBCO junctions and about four times higher than the Ca-YBCO 
devices, so most of our efforts have concentrated on Co-doped-YBCO SNS junctions. 

The majority of our work to date has focused on fabricating SNS edge junctions above buried 
groundplanes using the two configurations shown in Fig. 2. The "double-via" approach 
shown in Fig. 2a) uses two separate via patterning steps to make contact to the groundplane 
and base electrode resulting in separate patterning and epitaxial growth of the groundplane, 
the groundplane insulator, and the base electrode bilayer. Because epitaxial growth over a' 
patterned film is quite sensitive to surface cleanliness of the underlayer, the yield of such a 
sequence of patterning and growth steps can be reduced, even with the cleaning procedure 
described in [1]. Fig. 2b) illustrates an alternate "single-via" approach in which an in-situ 

a) 
SNS Edge Junction 

Counterelectrode 
Base-electrode 

Base-to- 
groundplane 

pKf&m^mm^mK^ /^y^SmS 
^#^S^                       Ns? / 

^^fe-Groundplan»»* &&,* -    ,.^«SSÄ? 

'->r-i->r-Zv-~c^-~r~^C"^r-"%-7"ic-zc-7->rvC->c-r .'-'Substrate-; 

[||YBCO      [~|STO     ^Cc-YBCO      |||Au 

Fig. 2. Schematic cross sections of YBCO/Co-YBCO/YBCO SNS edge junctions integrated 
with buried YBCO groundplanes a) "Double-via" process, b) "Single-via process. 
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sm/YRCO-base-electrode/STO trilayer is grown over the patterned groundplane. In this 
Lse^on^ä wet he base electee and%roundplane is made through large-area SNS 
SZSSfo* by a single via through the trilayer combined with counterelectrode plugs 
Joattemed aftiTsaL time as the junctions. The advantages of this process are a reduced 
nuX of rn^k ayers and in-situ growth of the base electrode trilayer, an mherently h,gher 
WeTd aDProSVan the double-via process. Potential disadvantages are reduced cremt layout 
^^Slo^. via contac«. At the present we are usmg both processes to produce 
high quality junctions with groundplanes. 

Roth the single and double-via processes are based on a buried groundplane configuration to 
mStnii orocesTexposure of completed SNS devices. However, it should be noted that there 

Tn?P^ reasonTc.prohibit the use of groundplanes on top. Putting the groundplane ,s no inherent reason to pronioi. ineu,        6        * groundplane morphology is no longer 
abrc

eal\JUaStion ÄÄ^St dSy oTtiie substrate rSy ultimately lead to 
^rdev^^sT^ and the groundplane and groundplane insulator serve as 
ÄdS^SySJte the buried junctions. We have begun experiments with groundplanes 
S WS device" with promising initial results. In this case we continued processing SNS 
SStai iSSd without Au contacts or buried groundplanes by growing an STO layer and 
'T^LvizZTtateio the buried electrodes. Finally the YBCO groundplane was deposited 

SSÄ^^ -re defined-Results«discussed in *"next sectlon- 

ELECTRICAL RESULTS AND DISCUSSION 

SFQ circuits require inductance (L) - products on the ordei-of a single flux f™*™^ 
9mn nH uA Because typical microstrip inductances are about 1 pH/U [l,l\, conventional 
Ä layoutfpoint «Critical currents'of a few hundred uA with the lower hm« set by 
S S considerations. Fabncating devices with ^jfj^"-- by 

using thicker N-layers, which leads to an associated reduction in the LR. products. 

Fi* 3 shows data for all eight 4-um-wide SNS edge junctions on a standard test chip. These 
devkes ha^e no g oundplanes and all layers were deposited by off-axis sputtering including 
fhe 3» A CoToped-YBCO normal metal layers. At 65 K the devices exhibit high quality I-V 

•3000 
•1500 -1000 -500  0 

V(HV) 
500 1000 1500 

HE 3. Data for the eight 4-um-wide SNS edgeJunctionswithout wg*l»» 

current at 70 k for a field applied normal to the substrate. 
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characteristics qualitatively consistent with the resistively-shunted junction (RSJ) model as 
shown in Fig. 3a). At this temperature the average device parameters and spreads for these 
junctions were: Jc = 2.4 x 105 A/cm2, 1-a = 15%; 1^ = 570 uV, 1-a = 7%; and RA = 2 4 x 
10  Q-cm , 1-a = 11 %. The critical-current magnet field modulation data for these devices at 
70 K are presented in Fig. 3b).   Six out the eight devices show close-to-ideal Fraunhofer 
patterns, and even the other two devices have clean central peaks, which indicates conduction 
through the normal metals layers is fairly uniform. For this particular chip, the average cur- 
rent density and critical currents are larger than required for SFQ circuit applications.  We 
have also demonstrated tight critical current spreads in devices with SFQ-compatible critical 
currents. Data from one such chip was presented in [2]. In that case the average I was ap- 
proximately 210 uA with a 1-a spread of 16% and an average I..R,, product of 181 \iV   This 
combination of narrow Ic spreads with device parameters suitable for small-scale SFQ circuits 
is an important demonstration for the feasibility of SFQ digital applications. 

As discussed earlier, another key requirement for SFQ circuits is the incorporation of super- 
conducting groundplanes.  We have fabricated high quality Josephson junctions integrated 
with groundplanes in several configurations. Fig. 4.a) shows I-V data at 65 K for the four 4- 
um-wide SNS edge junctions fabricated over YBCO groundplanes on a standard test chip 
using the "double via" process (Fig. 2.a)). The 150 A Co-doped-YBCO normal metal layers 
were deposited by off-axis sputtering. The average device parameters for these junctions are- 
Jc = 1.27 x 10   A/cm with a 1 -a spread of 20%; ICR„ = 587 LCV with a 1-a spread of 15%- and 
R„A = 4.8 x 10   n-cm with a 1-a spread of 24%. The effectiveness of the groundplanes was 
qualitatively verified by magnetic-field Ic modulation studies. Fig. 4b) is a plot of I vs magnet 
current for a field perpendicular to the substrate at 77 K for junctions with and without a 
groundplane patch. Both curves approximate the expected sin(x)/x I, modulation, but the 
junction over the groundplane exhibits a modulation period about four times that of the other 
junction, demonstrating the magnetic shielding effect of the superconducting film. 

The junction parameters of the devices shown in Fig. 4a) are essentially identical to those for 
junctions without groundplanes: fabricating the edge junctions above the patterned ground- 
plane and groundplane insulator did not degrade the device quality. However, it should also 
be noted that for some device chips fabricated over rougher YBCO groundplane films (RMS 
roughness - 30-50A) the average Jc has been higher and the average RnA product lower 

•3000 
-1500 -1000 -500  0 

V(HV) 
1000 1500 -10 0  10 20 30 40 

lB(mA) 
Fl% 4cxT?at5 for Junctions on groundplanes. a) I-V characteristics at 65 K for the four 4-llm- 
wide SNS edge junctions with groundplanes with 150 ACo-doped-YBCO normal metal layers 
on a standard test chip, b) Ic vs magnet current at 77 K for two devices with lOOA Co-YBCO 
layers, with and without groundplane patches. 
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Fig. 7. Low speed test data and schematic diagram for an SNS edge junction R/S flip-flop at 
65 K. The Read SQUID modulates by approximately 50 \LV in response to flux quanta stored 
in the Data SQUID by set and reset pulses. 

of SQUIDs with different microstrip lengths.  The inductance is about 1 pH per square at 
65 K, which is suitable for fabrication of SFQ circuits. 

We have begun using this multilayer device technology to produce small-scale SFQ circuits, 
including R/S flip-flops with 4 junctions and a 1-bit A/D converter with 10 junctions [7]. Low 
speed test data for an SNS R/S flip-flop are shown in Fig. 7. The data show Read SQUID 
voltage modulation of = 50 uV in response to flux quanta stored in the Data SQUID by set and 
reset pulses. This voltage level is about a factor of ten larger than previous test results with 
Step-Edge Grain Boundary (SEGB) circuits due to the larger IcRn products of the SNS devices 
[8]. Mask and test setup modifications are being made to allow GHz testing of the flip-flops. 
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Abstract—We report on a study of long term 
aging In three different types of YBtfiufi^ 
Josephson Junctions. Junction aging will affect 
the choices made in Integrating this technology 
with actual applications. The Junction types used 
in this study are (a) Co-doped barrier edge SNS 
unctions, (b) noble-metal SNS itt£«'E« 
unctions, and (c) bicrystal Junctions which are 

either unpasslrated or passlvated in situ with a 
normal metal shunt or an epitaxial Insulator. 
While all the Junctions show degradation, Tor 
some the  long term survival rate  Is encouraging. 

I. INTRODUCTION 

High Tc Josephson junctions are the critical 
components of many superconductive circuits. 
Technological applications demand junctions that can be 
reproducibly fabricated and can withstand the rigors of 
thermal cycling and long term storage. To date, various 
research groups have developed reliable processing methods 
for producing high-Tc thin film electronic devices utilizing 
Josephson junctions based on YBajCu,^ (YBCO) [1]. 
However, YBCO thin films degrade with exposure to 
atmospheric water vapor [W] and are also susceptible to 
surface deoxygenation. These critical issues must be 
addressed in order to produce junctions that are degradaüon- 
resistant and oxygen-stable. There are many examples of 
protective layers applied to YBCO films that improve the- 
films' long term stability. Depending on the application 
these layers can be metallic or insulating [3,4], and their 
effect on the YBCO films vary. In contrast, there is little 
information regarding the use of protective layers on 
junctions. We have reported on the protective qualities 
demonstrated by in situ metal shunt layers on bicrystal 
junctions (5] and the use of STO insulating layers to 
provide similar protection [5,6]. In this study we report on 
the aging of three different junction types for which we 
recorded changes in junction critical current Oc) and in 
normal resistance (R„) over several years. The junction 
types used in this study are: (a) Co-doped barrier edge SNS 
junctions (Tamp edge"), (b) noble-metal "step-edge SNS 
unctions, and (c) bicrystal grain boundary junctions 

("BiGBJs"). This study attempts to establish broad trends 
indicative of junction aging leading to failure or variation 

Manuscript received September 15.1998- root™« N00014- 
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^O07andAFOSR Contract F4962O-98-2-0234. 
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of junction parameters beyond those necessary for the 
desired applications. While we observed changes in 
junction characteristics with time, in general, these changes 
were typically much less than 30%. 

n. EXPERIMENTAL 

Al Fabrication Overview 

"* The junction fabrication techniques are described below. 
A cross-sectional view of each junction is shown in Fig. 1. 

(a) Ramp Edge:    Co-doped barrier edge SNS junctions 
[Fig. la]. 
We present the results of a single chip with 18 junctions of 
nominal 3 um width. The SNS edge junctions [7] were 
grown with off-axis rf magnetron sputtering of the YBCO 
base electrode and SrTiO, (STO) rjase-electrode-insulator 
bilayer. The ramp edge was patterned by Ar ion milling 
and cleaned with 100-eV in situ Ar ion nulling just prior 
to N-layer deposition. A 10 nm thick YBajCoonCuA N- 
layerand YBCO counter electrode were also deposited as a 
bilayer by rf magnetron sputtering. A Au contact layer 
was deposited in situ after counter electrode growth. 

b) step-edge SNS:   Noble-metal SNS step-edge junctions 

Fig- lb]. 
The step-edge SNS junctions were fabricated by depositing 
a thin film of YBCO across a step that had been etched into 
a substrate.     Off-axis  sputter-deposition  was used  to 
produce a film with the c-axis oriented normal to the plane 
of the substrate.  The sharp step-edge produces a break in 
the   superconducting   film,   exposing   a-axis   oriented 
superconductor. The normal metal, either Ag or a Ag-Au 
alloy, is then in situ  sputter-deposited such that it covers 
the step and joins the two superconducting banks.   The 
proximity effect coupling  between  superconductor and 
normal   metal   thus   takes   advantage   of   the   longer 
superconducting coherence length afforded by the exposed a- 
axis oriented material [8,9]. We present the results of five 
individual chips with seven junctions each of 3, 6, 9 urn 
width. 

(c) BiGBJs: Bicrystal grain boundary junctions [Fig-1°]- 
The bicrystal junctions were fabricated on commercially 
purchased [001] oriented STO and sapphire bicrystals with 
misorientation angles of 24°. A c-axis oriented YBCO film 
100 nm  thick   was  deposited  with   KrF pulsed  laser 
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deposition (PID).   Where an insulating passivation layer 
was -used over the YBCO, it consisted of a 100 nm thick 
STO layer that was laser ablated in situ .   Where a normal 
metal shunt layer was used, it consisted of a dc sputtered 
Au film of 35 nm thickness deposited in situ   at 100 °C. 
The sapphire bicrystal substrate had an initial 20 nm thick 
CeOj buffer layer.   Epitaxial, single-orientation growth of 
all Ce02 and YBCO layers was confirmed with  x-ray 
diffraction (XRD) analysis.   All GBJs were fabricated by 
patterning   microbridges   into   the   YBCO   layer   using 
standard photolithography and Ar* ion beam etching.   The 
specifics of the fabrication process are described elsewhere 
[5],    We present the results from one STO-protected 
bicrystal, and one Au-protected bicrystal.    Each sample 
consists of 14 junctions total, with 7 junctions each of 
nominal 4 urn and 8 urn widths. 

B. Measurement Issues 

In a study of this nature, involving samples from three 
separate laboratories, it is necessary to carefully document 
the conditions underwhich the samples were (i) stored, (ii) 
thermally cycled, and (iii) electrically measured, so as to 
provide a meaningful comparison. 
(i)  In all cases the chips were stored in dessicators that 
were regularly exposed to atmosphere when opened.   The 
dessicator environment for the step-edge SNS junctions 
included an Ar-pressurized atmosphere and for the ramp 
edge junctions the dessicator was over-pressurized with N2. 
All samples were fabricated as described and tested, stored 
and retested periodically. Sample S92-66 had a photoresist 
layer applied to it after the first recorded test 
(ii)   All measurements were carried out in magnetically 
shielded liquid He or liquid N2 Dewars.   The sample under 
test was mechanically clamped to the coldstage of the probe 

*a' Epitaxial Normal 
Met 

Counter electrode 

Substrate 

(b) M 
■Au-Ag.v.vJ HsMtf 

rergg 
LAO Substrate 

Passivation: Au or STO.- 

fig. I. Schematic cross section of the junction fabrication, (a) ramp edge 
junction, (b) step-edge SNS junction, and (c) bicrystal grain boundary 
junction. 

and magnetically shielded before being submerged into the 
dewar.   In the case of the ramp edge junction chip, the 
sample itself was heat-sunk to the probe coldstage using 
thermal grease. The temperature difference between sample 
and thermometer was less than 0.5 K.   Where applicable 
the  temperature  was  monitored  and   controlled   by   ä 
thermometer attached to the coldstage near the sample 
mount   location.     The   thermometer   was   periodically 
calibrated against liquid N2 and liquid He over the several 
year time span.   The thermometer accuracy was known 
within 0.1 K. Temperature stability and reproducibility are 
very important:  for example,  a  difference of  1%   in 
temperature between sample and thermometer could result 
in a critical current change of 6% for the ramp edge 
junctions. To prevent water vapor damage, during the 
warming cycle the probe remained in a positive pressure of 
He or N2 gas. 

(iii)    Care must be taken to prevent the trapping of 
magnetic flux in the junctions and in the superconducting 

pleads/The presence of trapped flux during measurements 
affdeb the junction critical currents by applying a magnetic 
field bias to the Josephson device, leading potentially to as 
much as a 100% reduction in I«..      To prevent this, the 
junctions must be cooled in the absence of any magnetic 
fields.   Additionally, it is possible to drive the junction 
leads into a normal state with too large a bias current, 
again trapping magnetic flux in the junction.   When this 
occurs the affected junction must be taken above its critical 
transition temperature and recooled. 

m. RESULTS 

We reported elsewhere the observation of numerous 
failures   in   bicrystal  junction   samples   without   any 
protective layers [5]. On several bicrystal junctions chips, 
individual junctions with exposed YBCO failed perhaps due 
to electrostatic sensitivity, environmental exposure,    or 
thermal cycling. These junctions have greater sensitivity to 
electrostatic   discharge,    rendering    them    permanently 
damaged with regions of high resistivity.    Additionally, 
these unprotected junctions have greater susceptibility to 
water vapor damage through their exposed surfaces and the 
exposed grain boundary.    In contrast, for the samples 
presented here from all three sources, no total failures were 
observed and changes of much less than 25% in junction 
parameters were typically seen. 

In all three laboratories critical currents and normal 
resistances were measured and archived The same samples 
were subsequently remeasured after varying periods of time. 
Figure 2 is a summary of the on-chip data from (a,b) the 
ramp edge junctions. (c,d) the step-edge SNS junctions, and 
(e,f) the BiGBJs.    The data shown are for the initial 
measurement and any subsequent »measurements of the 
particular junction   set.      The  Lc  and  RN  values  are 
normalized to junction width for the step-edge junctions. 
For the ramp junctions and the BiGBJs they are represented 
by the critical current density (Je), and the resistance-area 
product (RNA).   The I,- and RN distributions change very 
little over time; junctions with larger lc and RN tend to 
remain larger at each remeasurement. 
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figure 3 is a summary of the data from the samples 
used n this study.   Representative samples were selected 
Stach tof junction, and from two different ««ten» 
rtSca^Vfthebicrystals. The change «n averaged Ic^ 
Mor all junctions on a given chip is shown relative to .ts 
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Fi* 3 Pereenuge change (relative to the initial npsmwneat) in the 
.verged IcCbUdc bar) and R« (gray b«r)of aU die junctions on a given 
chip. 

initial measurement. In this manner, a change over time is 
"presented with each subsequent measurement. The junction 
measurements spanned as much as 5 years. 

Changes in laboratory measurement technique over the 
time span can cause data measurement variations that 
introduce systematic errors which make it difficult to put 
statistically significant error bars on the average 
measurements at a level better than approximately 595. 
Although this is a small sample group, we can use it to 
identify trends in the data and expose any large deviations 
from average behavior. In samples from all three groups, 
the trend in RN change is positive. 

The average changes in Ic are more complex and vary 
with junction type, measurement reliability, and extrinsic 
effects such as storage conditions. The ramp edge 
junctions show a small decrease in Ic as do the BiGBJs on 
sapphire. The 25 month ramp edge junction measurement 
(sample C2) shows a large increase in Ic, whereas the 33 
month «measurement shows a small decrease relative to 
the first measurement. Re-examination of the 
measurement conditions has revealed that there was poor 
thermal contact between the sample and the temperature 
control block, resulting in a temperature afferent* of 
1.8 K. This temperature change caused the shift in Ic 
shown in Fig. 3, an example of one of the experimental 
issues discussed earlier. Thus, the ramp edge junction data 
demonstrate only a small average decrease in Io The STO- 
protected BiGBJs and the ster>edge SNS junctions both 
have an increase of Ic over time. In the case of the step- 
edge SNS junctions the Ic increase was about 30%, for the 
STO bicrystal the Ic increase was about 10%. 

IV. DISCUSSION 

The ramp edge and step-edge SNS junctions in this 
study had barrier and/or counter-electrode layers deposited 
in situ as part of their junction geometry. In the case of 
the BiGBJs, additional in situ layers of STO or Au were 
deposited. The vertical structure of the junctions seen in 
Fig 1 demonstrate the "self-passivated" nature of these 
junctions; in all cases the lack of junction surface exposure 
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protects them from more severe degradation. The regions 
that remain vulnerable to attack are the edges that expose 
the ab-planes of the YBCO. Decreases in Ic and 
corresponding increases in RN can result if the overall 
junction cross-sectional areas are decreasing as damage to 
the YBCO encroaches inward from the edges. Degradation 
from the edges could be minimized by covering the affected 
areas with a passivating layer. Care must be taken in 
choosing the passivation material, since most chemical and 
thin film processes are also potentially damaging to the 
YBCO. It is possible that the very large change in sample 
S92-66 is due to the use of a spun-on photoresist layer left 
on the chip during its long period of storage. 

Hie junction  resistance is   independent of sample 
temperature and insensitive to trapped flux and is therefore 
a better indicator of changes in the junction over time than 
is Ic. Increasing RN trends were observed for all three types 
of junctions.     For the step-edge SNS junctions,   the 
measurement time scale is at least twice as great as that of 
the other two types represented here.  The greater increase 
observed in R„ for step-edge SNS junctions may be due to 
their age or to the use of Ag or Ag-Au alloy as the 
shunting layer. With its greater reactivity, Ag can corrode 
over time increasing the resistance of the shunting path 
parallel to the junction interfaces. The ramp edge junctions 
with an epitaxial oxide normal layer at the interface will 
not react in this fashion.   Similarly, the passivated BiGBJ 
samples do not incorporate other layers that are sensitive to 
oxidation or corrosion. 

The Ic increases observed in the BiGBJs and step-edge 
SNS junctions cannot be explained by a simple area loss 
mechanism and require further investigation. One plausible 
model for this behavior is the reoxygenation of an oxygen 
deficient or disordered layer of YBCO at the junction 
interface. Studying these junctions over very long periods 
of time would be valuable in estimating such 
reoxygenation. For the step-edge SNS junctions, the 
junction interface region is imperfect, resulting in a high 
interface resistance. We conjecture that, with more initial 
disorder, these junctions will be more prone to self- 
annealing, resulting in a larger observed increase in Ic. The" 
ramp edge junction with its epitaxially clean interface 
exhibits only a small decrease in Ic. 

Other experiments that might be explored arc junction 
oxygen anneals. Oxygen plasma anneals performed on 
ramp edge junctions result in an increase in junction Ic 
with a small decrease in R^ [10] possibly due to a reversal 

of junction degradation damage or by encouraging oxygen 
diffusion to the deficient junction interfaces. Additionally, 
oxygen electromigration studies [11] may help clarify the 
significance of oxygen mobility to the long term stability 
of junction characteristics. 

V. CONCLUSIONS 

This study of the junction aging effects and stability, 
demonstrates that these junctions have survived over many 
years and that they show sufficiently small changes in their 
characteristics that they can be considered adequate for many 
applications. Based on an average increase in RN, these 
junctions show some degradation injunction characteristics 
which might be reduced by use of an appropriate 
passivation layer. Other work has shown that oxygen 
diffusion contributes to changes in junction critical 
currents, leading us to speculate that such diffusion could 
be the factor responsible for the observation of occasional 
increases in average 1^ 

:«J. 
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Multilayer Edge SNS SQUIDs for Digital Circuits 

Martin G. Forrester, Brian D. Hunt. John Talvacchio, Robert M. Young, and James D. McCambridge 
Northrop Grumman Science and Technology Center, Pittsburgh, PA 15235 

Abstract — We have fabricated and characterized 
direct-injection High Temperature Superconducting 
(HTS) SQUIDs using a six-epitaxial-layer process which 
integrates edge geometry superconductor-normal- 
superconductor (SNS) junctions with an HTS ground 
plane. The period of the SQUID threshold curves was 
used to infer microstrip inductances of approximately 
1 pH/O at 65 K. Total SQUID inductances as low as = 
5 pH were inferred from the measured critical current 
modulation depth. A novel junction geometry was used in 
some devices to reduce the parasitic inductances of the 
junction leads by approximately 1 pH. Maintaining such 
low inductances is particularly important for Single Flux 
Quantum digital circuits. 

I. INTRODUCTION 

Digital circuits based on HTS Josephson junctions have 
the potential for GHz operation with power dissipation 

of microwatts per gate, operating at temperatures attainable 
with compact cryocoolers (e.g. 65 K). To realize this 
potential it is necessary to develop a fabrication process 
based on reproducible, manufacturable. high 1^ junctions. 
In addition, for maximum circuit layout flexibility, it is 
desirable to use an integrated groundplane to minimize 
inductance, L, in order that the product LIC be approximately 
equal to the flux quantum, <J>0. For SFQ circuits in particular, 
thermal noise constraints dictate that Ic should be as large as 
possible, while meeting the constraint that Uc = 4>0 

For certain applications, such as A/D converters, we 
believe that a reasonable compromise is to have Ic - 0.5 mA, 
so that a typical inductance would be 4 pH. Such low 
inductances can be achieved in a single HTS layer by using 
narrow slit inductors, patterned with, for example, e-beam 
lithography [1]. However this approach suffers from parasitic 
mutual inductance between slits, and does not allow 
superconducting crossover interconnections, which are 
required for circuits of even modest levels of integration. The 
use of the base electrode of an edge (or "ramp") junction as a 
local ground to produce low inductances has also been 
demonstrated [2], but this also is not sufficiently flexible for 
more complex circuits. 

We have recendy reported on the fabrication of SNS edge 
junctions and SQUIDs with an integrated YBCO ground 
plane, using a flexible process with six epitaxial layers[3]. 
We have found the critical current uniformity of such edge 
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junctions to be superior to other approaches such as grain 
boundary junctions. 

Here we present more detail on SQUID inductance 
measurements, and in particular the inference of total SQUID 
inductance from the depth of critical current modulation. In 
addition we present results for a modified process which 
reduces parasitic inductances associated with the narrow 
junction leads. 

IL DEVICE FABRICATION 

The two baseline fabrication processes used are illustrated 
in Fig. 1, and are described in detail elsewhere [3],(4]. 
Epitaxial YBCO, Co-doped YBCO, and SrTi03 (STO) films 
were deposited by off-axis if magnetron sputtering from 
stojchiometric targets onto NdGa03 substrates. Patterning 
was performed by ion milling, with the substrates mounted 
on a tilted, rotating, water cooled sample stage, using a 
reflowed photoresist mask to obtain edge tapers of« 25-30'. 

For the "double via" process of Fig. 1(a) there are four 
separate high-temperature growth steps, each followed by an 
ion mill patterning step and an ion cleaning. A YBCO ground 
plane (typically «= 200 nm thick) is deposited and patterned 
first, followed by the » 250 nm STO groundplane insulator. 
The third deposition is of the 100-200 nm base electrode, 
followed in-situ by a STO cap layer. The tapered edges 
required for junction formation are then milled in this bilayer. 
Finally the N-layer, typically 10-30 nm of 
YBajCujvoCOfj 2|Ox, and a 200 nm thick YBCO 
counterelectrode, with an in-situ Au contact layer, are 

If» 

Fig. 1. Schematic cross sections of the two processes used to fabricate edge 
SNS junctions and SQUIDs over groundplanes. The "double via" process, (a), 
reduces the number of separate epitaxial growth steps compared to the "single 
via" process, (b), but necessitates that ground contacts be large area junctions. 
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deposited and patterned. In this process contacts to ground 
are made directly from the base electrode through vias in the 
STO groundplane insulator. If desired, vias are also milled 
through the base electrode cap layer, and filled by an ex-situ 
Au deposition, to provide direct electrical contact to the base 
electrode. 

The "single via" process is similar to one developed at 
Conductus [5], and involves only three high temperature 
depositions because the groundplane insulator is deposited at 
the same time as the base electrode and its insulator. This 
trilayer is then patterned twice — once to cut a via hole 
through the entire trilayer, and once to cut the base electrode 
edge. Contacts to ground are then completed by a plug of 
counterelectrode and N-layer, with the disadvantage that such 
contacts   are   necessarily junctions,   albeit   of  width 
significantly larger than the "deliberate" junctions. The 
advantage is that reducing the number of epitaxial growths 
steps tends to increase the process reliability. 

A photograph of a completed direct-injection SQUID, 
fabricated with the double-via process, is shown in Fig. 2(a). 

m. MEASUREMENTS 

The fabricated 1-cm chips were mounted in commercial 
44-pin ceramic chip carriers for measurement. The carrier 
was inserted into a magnetically-shielded, temperature- 

Base, 
electrode 

controlled cryostat with twisted-pair leads filtered with a 
cutoff frequency of about 10 Hz. Measurements were 
performed under computer control. 

Flux was applied to the SQUIDs by direct current 
injection into opposite ends of a microstrip inductor formed 
by the counterelectrode, the groundplane insulator, and the 
ground plane. With current Ij injected in one end and I2 in 
the other the control current is given by Icon, = (IrI2)/2, and 
the flux applied to the SQUID is given by L^conp where L„ 
is the microstrip inductance. Typically we measured the 
SQUID voltage, V, versus Icom at various levels of total bias, 
Ij+I2, as a function of temperature. We also measured the 
critical current, using a voltage criterion of 2 |iV, as a 
function of Icont at a few selected temperatures. Since the 
leads of the ceramic chip carrier were slightly magnetic we 
usually observed some shifting of the SQUID threshold 
curves. 

-4-2 0 2 4 
Control current (mA) 

Fig. 2. (a) Photograph of typical direct injection SQUID fabricated with the 
"double via" process, with definitions of bias currents. Some devices did not 
have the center tap, in which case the voltage was measured on one of the 
current leads, (b) Voltage versus control current, at various bias levels, for a 
typical SQUID at 65 K. 

IV. ELECTRICAL RESULTS 

A.   Voltage modulation and microstrip inductance 

Voltage modulation of a typical SQUID with a short (~1 
square) microstrip inductor is shown in Fig. 2(b) at various 
total bias levels, at 65 K, where this particular device had the 
following parameters: /,. « 1.75 mA, Rn - 0.25 fl, total 
inductance Ltot = 10 pH (inferred from Ic modulation depth as 
discussed in the next section). The maximum voltage 
modulation is about 135 u;V peak-to-peak, with (dV/d<P)      = 
1.8 mV/4>0. Corresponding values at 77 K were 40 fiV and 
230 nV/<J>0, respectively. For the listed SQUID parameters 
the expected peak-to-peak voltage modulation,  using 
equation 7 of [6], is about 30 |aV. The measured value is 
larger than expected because of strong resonances which we 
observe in the current voltage characteristics of these 
SQUIDs (although not in single junctions), which lead to 
high values of dWd/ in certain bias regions, and thus to 
higher values of d V7d<J> = (d V/dI)(dIc/dO). 

From the period, AIconp of voltage modulation data of the 
type shown in Fig. 2(b), we calculate the inductance of the 
microstrip using Lß = <t>JMconr This is shown in Fig. 3 for 
SQUIDs with various lengths of inductor, normalized to the 
number of squares between the inside edges of the current 
leads. Typical values are in the range 1-1.5 pH/D at 65 K, 
similar to values we have previously reported for SQUIDs 
fabricated using a simpler process incorporating step edge 
grain boundary junctions [7]. As can be seen in Fig. 3 there is 
an appreciable spread in inductance from one device to 
another at high temperatures. This is thought to be due to 
local variations in the Tc of the ground plane and/or base 
electrode, and thus in the penetration depth, possibly due to 
incomplete oxidation [8]. The Tc of the these layers was often 
found to be suppressed to below 85 K, compared to 87 K for 
the counterelectrode. Diffusion of oxygen through the 
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asymmetry between the two junctions will reduce the 
modulation depth. The SQUID lobe patterns typically did not 
show significant skewing so we ignore this correction. 

The total inductance inferred from (1) is plotted in Fig. 
5(a) for ten different SQUID layouts of the general type 
shown in Fig. 2(a). They differ in the length of the microstrip 
inductor, the lengths of the junction leads, and details of the 
ground contact arrangement. The lowest inductance device is 
about 5 pH, at 65 K -<juite close to the nominal 4 pH goal. 

In what follows it is useful to calculate a normalized 
measure of SQUID inductance which we call the "effective 

Rg. 3. Microstrip inductance per square inferred from the period of V-Iconl 

curves, for various lengths of microstrip inductor. 

insulating layers of such a complex structure is an issue 
which will require further attention. 

B.  1 Modulation and Total Inductance 

Although one can in principle infer the total SQUID 
inductance from the depth of the voltage modulation, the 
resonances in the I-V characteristics, referred to in the 
previous section, complicate such an analysis. It 1S s.mpler to 
use instead the depth of critical current modulation. 

Typical data are shown in Fig. 4 at three different 
temperatures. To infer the SQUID inductance from such data 
we us the following expression [6]: 

^t£. = —— 1-3.57 (1) 

where A/ is the measured SQUID critical current 
modulation depth, and ßL = U^0. The second term in 
parentheses takes account of the effect of thermal noise 
currents in the SQUID inductance. Solving (1) for L gives an 
upper bound on the inductance, since any critical current 

0.4 

ro.3 c 
t 
Ü0.2 

5 o.i 

n—3 '     7s 

-2 0 2 

Control current (mA) 

Rg. 4. Critical current versus control current for a typical SQUID. Note that 

the curves are shifted due to trapped flux. 

T(K) 
Rg 5 (a) Total SQUID inductance, inferred from lc modulation depth, for ten 
different SQUID layouts, (b) "Effective number of squares", obtained by 
dividing the total SQUID inductance by the inductance per square. It is 
essentially independent of temperature, as it should be. 

number of squares", N# s LjLa, where La is the 
inductance per square measured from the modulation period. 
This is useful because it normalizes out variations in the 
YBCO penetration depth, and therefore allows us to compare 
inductances of different SQUID layouts from different chips. 
It is plotted in Fig. 5(b) for the devices of Fig. 5(a), and is 
found to be roughly independent of temperature, as it should 
be. In general it agrees well with simple counting of squares 
in the SQUID layout, although there are some unresolved 
discrepancies in the smaller SQUIDs which we hope to 
investigate further. 
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Fig. 6. (a) Schematic diagram of a slot-defined edge junction, (b) Normalized 
totaJ SQUID inductances, expressed as effective number of squares, for 
devices fabricated without vs. with slot-defined junctions. The slot junctions 
reduce the junction lead inductance and thus the SQUID inductance. 

V. SQUIDS WITH SLOT-DEFINED JUNCTIONS 

A significant fraction of the total SQUID inductance is in 
the junction leads, which are typically 1.5 - 4 jim wide (in 
order to obtain critical currents of order 0.5 mA) and 4 - 
5 Jim long, and therefore contributing =1-3 squares per 
junction. One approach to reducing this parasitic inductance 
is to simply make the junction leads shorter by allowing the 
distance between the base electrode edge and the wide 
section of the counterelectrode to be reduced. The lower limit 
on this distance will be set by alignment accuracy and the 
finite extent of the shallow base electrode edge, and it is 
probably impractical to reduce it much below I - 1.5 fim. 

Here we present an alternative or supplementary 
approach, illustrated in Fig. 6, which we term "slot junctions" 
[4]. Here the junction width is determined not by the lead 
width, but by a slot openingHn an epitaxial insulator layer 
deposited and patterned after the base electrode edge is 
patterned. This allows the junction lead to be much wider 
than the junction itself, reducing the inductance. 

We have tested the concept by fabricating eight different 
SQUID designs both with and without the use of the slot 
process. We measured the total inductance and inductance 
per square for the devices, and calculated Neff. In Fig. 6(b) we 
plot Nefffor the "slotless" devices on the vertical axis, and for 
the "slotted" devices on the horizontal axis for these eight 
devices, at 65 and 77 K. Although there is scatter in the data 
it is clear that overall the slot devices have lower inductance. 

with an average inductance reduction of approximately two 
squares, or one square per junction. For example the device 
which had Neff~ 5 was reduced to = 3 in the slot process. 
Because these particular devices had a longer penetration 
depth than usual (about 0.3 \tm, compared to the more typical 
0.25 u.m) the total inductance was still 4.5 pH, but 
implementation of such a device with higher quality films 
with 1 pH/D should result in a 3 pH SQUID. 

In addition to reducing the junction parasitic inductance 
the addition of the slot insulator allows much greater circuit 
layout flexibility since it allows one to run counterelectrode 
wiring over the base electrode without forming a junction. 

VL CONCLUSIONS 

We have demonstrated that the integration of an HTS 
ground plane with HTS edge junctions can produce mi- 
crostrip inductances of 1 pH/D, and SQUIDs with total""' 
inductances as low as - 5 pH, at 65 K. The demonstrated 
slot-defined junction process can reduce the latter to about 3 
pH for films with 0.25 u.m penetration depth. The use of 
more agressive photolithographic design rules can reduce this 
further, which will improve the margins of HTS SFQ circuits. 
The use of the additional slot insulator also makes the process 
more flexible in that it allows the counterelectrode to be used 
more fully for wiring over the base electrode. 
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High-Resistance HTS SNS Edge Junctions 

Brian D. Hunt, Martin G. Forrester, John Talvacchio and Robert M^ Young 
Northrop Grumman Science and Technology Center, P.ttsburgh, PA 15235 

Abstract-UTS SFQ digital circuit applications re- 
quire high resistance HTS Josephson junctions. We have 
investigated the factors affecting the resistance of SNS 
edge junctions which use Co-doped Y-Ba-Cu-0 as the 
normal metal layer. Several parameters are found to 
Save a surprisingly large effect on dev.ce resistance, 
including edge angle, base electrode material, and deposi- 
«on conditions of The normal metal and countered rode. 
Controlling these factors has enabled the fabrication of 
hiTgh quality, high-resistance (=1 Q) SNS edge junctions 
wUh la L spreads down to 10% and critical currents and 
ICR„ products suitable for SFQ digital applications. 

L  INTRODUCTION 

Hieh Temperature Superconductor (HTS) digital 
circuit applications based on Single Flux Quantum 
fSFO) logic require the fabrication of high quality 
Josephson junctions in a multilevel epitaxial process. 
One HTS junction technology of particular interest has 
been edge-geometry superconductor/normal-metal/ 
superconductor (SNS) weak links with YBa^O^Co^ 
(Co-doped YBCO) as the normal metal interlayer ( N- 
laver") Good progress has been made in integrating 
edge junctions using Co-YBCO and other normal meta 
lavers with superconducting groundplanes [1-6], but 
further improvements are needed to build practical 
digital circuits. In particular, SFQ circuits require 
junctions with high critical-current - normal-state- 
resistance (LR„) products (>30CI uV) and tight critical 
current spreads (Ic l-ö < 10%). SFQ design constraints 
on LL products and thermal noise considerations also 
point towards SNS critical currents of =500 uA at 
65 K The bounds on IcRn and Ic indicate that device 
resistances greater than = 0.5 fl are needed for func- 
tional HTS SFQ circuits. 

The resistance of an SNS junction is determined by 
the sum of the resistance of the normal metal layer and 
the interface resistances. In the "ideal" case of zero 
interface resistances we can estimate the device resis- 
tance for typical device cross-sectional areas (A - 4 u.m 
wide by 0.2 urn thick), normal metal resistivities (pn = 
250 uX2-cm for YBa2CuZ8Co0.2O7 at 65K), and normal 
metal thicknesses (L = 100 A): R„ = p„IVA ; 0.03 Q. It 
is apparent that SNS devices without significant inter- 
face resistance are unsuitable for SFQ applications. 
Note that inductance constraints make smaller devices 

This work was supported in part by AFOSR Contract F49620- 
94-C-0021 and WL/ML Contract F33615-93-C-5355. 

undesirable, while higher resistivity N-layers would 
have shorter normal metal coherence lengths, cj„, and 
smaller J^R« products, aside from possible resonant 
tunneling effects [7j. 

Increasing SNS device resistances to a practical 
level requires the addition of interface resistance with- 
out significant degradation of the inherent LRn product, 
which is possible through the incorporation of inho- 
mogeneous interface resistance to reduce the effective 
device area [1 ] or by including a thin insulator at one 
SN interface to form an SINS structure. In practice 
different groups have seen widely varying values of 
SNS resistance, ranging from the ideal but impractical 
case of very low R„A [2], to the more technologically 
interesting case of high-RnA devices [1,6,7]. An open 
question has been why such diverse results are obtained 
with nominally similar SNS edge junction processes 
[1,2]. In an attempt to answer this question and gain 
some understanding of the nature of the interface resis- 
tance in SNS edge junctions, we examined some of the 
parameters which might affect SNS device resistance. 
We have discovered that a number of factors can dra- 
matically increase SNS device resistances, while pre- 
serving SFQ-compatible LR„ products in many cases. 
These factors include the base electrode edge angle, the 
base electrode material, and the deposition parameters 
of the normal metal and counterelectrode. 

n. FABRICATION DETAILS 

Details of our SNS junction fabrication process have 
been described previously [1,3,4], but a brief summary 
will be given here. Base electrode YBCO films are 
deposited on NdGaOj substrates by off-axis sputtering 
or pulsed laser deposition (PLD). We typically use a 
Ce02 or SrTiOj (STO) buffer layer with a Ce02 or STO 
cap above the superconductor. Our PLD-deposited base 
electrodes are often La-doped, (YBa2.xLaxCu307 with 
x=0.025-0.05) because we have found that a small 
amount of La can help suppress a-axis grain formation 
[3]. The base electrode edges are patterned using 
reflowed photoresist and 150 - 300 eV Ar ion milling at 
45* with rotation. An Ar/02 mixture is sometimes used 
during milling to adjust the edge angle. 

Although some groups have reported roughening of 
annealed YBCO edges under certain conditions [8],[9], 
we see no evidence for this effect with our own process. 
Fig. 1 shows an atomic force microscope (AFM) scan 
of a CeOVLa-YBCO/STO-cap base electrode edge after 
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Fig. 1. AFM scan of La-YBCO base electrode edge after anneal- 
ing at 805*C for 15 min. The RMS roughness on the edge is 8 A. 
The vertical scale is 0.5 urn per div. 

Ar ion mill patterning at 300 eV, followed by a 100 eV 
in-situ Ar ion cleaning step. The pictured edge was 
annealed at «= 805"C for 15 minutes in 400 mT 02 to 
simulate the typical edge treatment just before normal 
metal and counterelectrode growth. The RMS rough- 
ness measured on the edge is approximately 8 A both 
before and after annealing. AFM examination of a 
similar device edge following deposition of 100 A of 
Co-doped YBCO shows only a slight increase in sur- 
face rougness to 9 A. Possible differences between our 
process and those used by groups reporting rougher 
edges include our use of tapered resist milling masks 
with rotation during milling [9], and our lower tem- 
perature edge annealing [8]. 

Recently we have also investigated Br etching for 
edge cleaning [10]. The etching is typically done in a 
0.3% Br in methanol solution for 10-30 sec. Initial 
results indicate that Br etching is an effective cleaning 
treatment. Following edge cleaning, the Co0 2-YBCO 
and counterelectrode are deposited and patterned, and 
the devices are ready for bonding and testing. 

PI RESULTS 

A. Factors Affecting SNS Device Resistance 

Because of the importance of high resistance SNS 
junctions for SFQ applications, we undertook a study of 
some of the parameters which could affect device 
resistance. Here we will concentrate on a number of 
factors that have a strong influence on SNS edge junc- 
tion resistance including the base electrode edge angle, 
the base electrode material, and the deposition condi- 
tions of the normal metal and counterelectrode. 

To study the effect of edge angle, we fabricated a 
series of SNS junctions on base electrodes with edge 
angles ranging from = 12* to 36* (measured from the 
horizontal). These junctions showed a wide range of 
resistances and electrical behavior [3].'We observed 
that devices with relatively shallow edges (<15*) gener- 
ally exhibited void formation in the counterelectrode 
(and possibly the normal metal layer) at the base elec- 
trode edges. This nonuniform edge growth is presuma- 
bly due to a difference in surface mobility on the 
shallower edges. The shallowest-edge SNS junctions 
also showed  "flux-flow" I-V characteristics and 
nonideal magnetic field modulation of the critical 
currents, consistent with inhomogeneous   conduction 
through the devices.   In addition, we found that the 
device resistances correlated with the base electrode 
edge angles, with R„A products ranging from approxi- 
mately 50 Gt-nm2 for 11.5* edges to less than a few Q- 
jim2 for edge angles greater than 25*.  The SNS junc- 
tions produced on steeper edges (>25*) also exhibited 
much more ideal electrical behavior, as will be seen 
below. The void formation, the magnetic field modula- 
tion data, and the high R„A products associated with the 
shallow-edge devices are all consistent with a reduction 
in the effective area for these junctions, on a length 
scale not much less than the junction width. 

We have also found that the base electrode material 
and deposition technique can have a strong effect on 
SNS device resistances, while the counterelectrode 
material does not have a significant influence. We see 
large differences in RnA products for junctions fabri- 
cated with PLD YBCO, sputtered YBCO, and PLD La- 
doped YBCO base electrodes. Table I presents 77 K 
data for ion-mill-cleaned PLD YBa, „La^C^O, and 
PLD YBa2Cu307 base electrodes with 30* edge angles, 
50 A Co02-YBCO normal metal layers, and two differ- 
ent PLD growth conditions for the normal metal and 
counterelectrode. For either growth condition we see 
more than an order of magnitude reduction in the R„A 
product for the PLD-deposited YBCO base electrode 

TABLEI 
R.A AND Jc DEPENDENCE ON FABRICATION PARAMETERS 

Base electrode R„A (fl-um2) Jc(A/cm2) N&C growth 

PLD La-YBCO 4.56 = 2xl02 Standard' 

PLD YBCO 0.42 2.9 xlO4 Standard' 

PLD La-YBCO 0.76 4.4 xlO3 800mTO2:Arb 

PLD YBCO 0.03 6.5 x 103 800mTO2:Arb 

Average SNS chip data at 77 K showing dependence of R.A 
and Jc on base electrode material and the normal metal (N) and 
counterelectrode (C) growth conditions. The N-layers are 50 A of 
Co-YBCO and all base electrodes have Ce02 buffer and cap layers. 
Ion mill edge cleaning was used for all cases. 

'Standard PLD N&C growth conditions are: N-layer - 805"C. 
600 mT 02; counterelectrode - 805'C. 400 mT 02. 

•"The 0,:Ar ratio is 1:1. 
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relative to the La-YBCO base electrode, with an even 
Z^rger associated increase in current density. Sputtered 
base electrodes typically exhibit RnA products - 0.3 - 
0 7 times that of the PLD La-YBCO base electrodes. 
Preliminary results also show that coevaporated 
GdBCO and NdBCO base electrodes produce SNS 
detes with = 3-5 times higher ^^- - 
PLD La-YBCO, while coevaporated YBCO base eiec 
frodes give comparable R„A products. Overall, the 
PwJposited YBCO base electrodes consistently 
produce SNS edge junctions With <h* ow"[^J^s 
acts of any base electrode material Recent results 
us ng Br-edge cleaning show RnA products reduced by 
ä factor of 3-5 compared to in-situ ion mill c leaning. 
However, the relative difference in device res.stances 
wkh PLD deposited La-YBCO and YBCO base elec- 
trode is still preserved. 

Table I also illustrates the dramatic effect that the 
normal metal and counterelectrode growth can have on 
SNS device resistances. Previous work had suggested 
that using oxygen-argon gas mixtures dunng PLD couId 
reduce the number of particles m YBCO film; lllj. 
We discovered that high pressure O^Ar growth of the 
N-layer and counterelectrode resulted m a large reduc 
don in R A and increase in Jc relative to our standard 
growth conditions of 600 mT 02 for the N-layer and 
400 mT O, for the counterelectrode. The lowest R A 
products are obtained for the combination of PLD 
YBCO base electrodes and 800 mT 02:Ar normal meul 
and counterelectrode growth. In this case, R A - U.WJ 
fl-urn2, which is within a factor of = two of the zero- 
nterface-resistance limit. The small resistances seen in 
Sis case may be due in part to the better edge coverage 
we generally see for higher pressure deposition \5\. 
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Re 2 I-V data at 65 K for a chip with junction parameters suitable 
ti SFQ logic. There are nineteen 4-um-wide junctions with50A 
Co-doped YBCO interlayers and an average resistance of 0.97 Q 
tofS) The average t is 327 uA (I-o = 13%) and the average 
IcRn product is 3l5uV (l-o = 9%). 

Magnet current (mA) 

Re 3 Critical current modulation at 55 K of a 4-um wide SNS 
junction with La-YBCO base electrode with B normal to the 
substrate. The normal metal layer is 50 A of Co-doped YBCO 
deposited after Br cleaning. At 55 K the junction resistance is i.l li. 

B. SNS Current-Voltage Characteristics 

SNS devices with edge angles greater than 25* al- 
most always showed RSJ-like current-voltage charac- 
teristics.  Fig. 2 shows the I-V characteristics at 65 K 
for nineteen 4-um-wide SNS edge junctions with 50 A 
Co-doped-YBCO normal metal layers. For this chip the 
base electrode YBCO-STO bilayer was sputter depos- 
ited, the edges were cleaned by Br etching, and the 
normal metal and counterelectrode were grown by PLD 
using the standard growth conditions described above. 
The average device parameters and spreads for these 
junctions were: Jc = 4.1 x 104 A/cm2, l-o =13%; IcRn = 
315 u.V. l-o = 9%; and RnA = 0.77 Q-u.nV\ 1-c = 6%. 
The average values of critical current and resistance 
were 327 uA and 0.97 £1. At 55 K, the Jc l-o spread for 
these junctions was 10%, and series arrays of 10 and 
100 junctions fabricated on the same chip showed Jc 1- 
o values of 6% and 10%, respectively. The combina- 
tion of large resistances and IcRn products, tight Jc 
spreads, and small, SFQ-cornpatible critical currents is 
an important demonstration for the feasibility of HTS 
SFQ digital circuits. 

The magnetic field modulation of the critical cur- 
rents in these devices generally exhibits Fraunhofer- 
like behavior, as shown in Fig. 3 for the case of a 
typical high-R„A SNS junction with a La-doped YBCO 
base electrode. The nearly ideal IC(B) modulation 
indicates that any nonuniformities in conduction are on 
a fine scale relative to the size of the junction. We have 
also investigated the temperature dependence of Ic and 
typically see the exponential temperature behavior 
expected for SNS proximity effect junctions. Curve fits 
to a standard proximity effect model give reasonable 
values of device parameters, even for high resistance 
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junctions[12,13].   For example, a proximity-effect fit with cations having similar ionic radii such as NdBCO 
for a device with a La-YBCO base electrode and a 75 Ä [14,15]. Indeed we see the largest junction resistances 
Co,, 2-YBCO normal metal layer with R,A = 8.6 x 10" for base electrodes with cations that are relatively close 
n-cm2 (Rn = 0.96 Q.) at 65 K gives £,(TJ = 26 Ä and in size such as NdBCO, GdBCO, and La-doped YBCO 
T„ = 85 K (where T„ is the electrode transition tern- where La may interchange more readily,with Y than Ba 
perature and Tcn is the normal metal transition tern- can. We also speculate that YBCO base electrodes 
perature, which has been fixed at 45 K, consistent with deposited by various techniques may have different 
independently measured values for Co„2-YBCO). 

rv. DISCUSSION 

We have found that several factors have a significant 
effect on SNS edge junction resistance, including the 
base electrode edge angle, the base electrode material, 
and the deposition parameters of the normal metal and 
counterelectrode. We believe these factors are primarily 
affecting the interface resistances of the devices, rather 
than the "bulk" properties of the normal metal inter- 
layer, because high resistivity N-iayers would have 
shorter coherence lengths and smaller IcRn   products 
(barring resonant tunneling effects). While adding 
interface resistance to an SNS device cannot increase 
the inherent IcRn product [12], reducing the active area 
of the device through an inhomogeneous interface 
resistance can increase the resistance without reducing 
IcRn [1] It is also possible to increase Rn without de- 
creasing ICR„ by fabricating an SINS structure with a 
thin deposited or naturally occuring insulator at one SN 
interface. Because the Ic value is fixed, approximately, 
by the requirements of HTS SFQ logic, adding interface 
resistance in these ways can increase the practical LjR, 
product—the value of LRn available at that current 
level. 

To date, the available data do not lead to a clear 
choice between the inhomogeneous or patchy interface 
model and the SINS model. The observation of edge 
voids for shallow-edge devices along with an associated 
increase in R„A does suggest that a reduction in effec- 
tive area is important in some cases. The temperature 
dependence of the critical currents demonstrates that 
even the high R„ devices are behaving as true proximity 
effect junctions, but this does not rule out the SINS 
model. It is important to note that, even if the resistance 
in these SNS junctions is dominated by a patchy inter- 
face resistance, the nearly ideal IC(B) modulation and 
the tight Ic spreads indicate that any active area inho- 
mogeneity is on a fine scale relative to the size of the 
junctions. 

The base-electrode-dependent interface resistance in 
these SNS edge junctions may be due to cation disorder 
at the base electrode interface. It is known that cation 
disorder, such as Y and Ba interchange in YBCO, can 
lead to suppression of Tc in the HTS materials and that 
cation disorder is more prevalent in superconductors 

amounts of cation disorder leading to the differences in 
junction resistance seen in these cases. 

The order-of-magnitude difference we observe in 
SNS junction resistance for devices fabricated with La- 
YBCO versus PLD-deposited YBCO base electrodes 
(Table I), is consistent with the large difference in R„A 
and J.R„ products reported by our group and the group 
at Conductus. Our baseline process has used La-YBCO 
base electrodes to produce high resistance SNS edge 
junctions [1], while the standard Conductus SNS proc- 
ess utilized PLD-YBCO base electrodes to fabricate 
SNS devices with very small interface resistances, but 
also with correspondingly low ICR„  products at SFQ- 
compatible L, values [2]. 

Table I also indicates that the normal metal and 
counterelectrode growth conditions can play a major 
role in controlling SNS resistances. The dependence on 
growth parameters demonstrates that, in general, the 
excess SNS resistances are not determined entirely by a 
pre-existing surface layer on the base electrode edge. 
Both the epitaxial template (i.e. the base electrode 
surface) and the normal metal growth conditions can 
affect the initial stages of epitaxy. This suggests that for 
some conditions the interface resistance is dominated 
by defects in the normal metal microstructure "frozen 
in" during the initial stages of Co-YBCO epitaxial 
growth.   Another point to note is that we are able to 
vary SNS interface resistances by orders of magnitude 
using materials with similar thermal expansion coeffi- 
cients.   This demonstrates that the effects of thermal 
expansion mismatch on interface resistance, while 
possibly important in some cases [16], can often be 
dominated by other factors. 

The very high values of interface resistance we see 
in some cases also indicated that it might be possible to 
form useful weak links without any deposited normal 
metal. Indeed, preliminary investigations of this regime 
show that high quality weak links can be fabricated 
with La-YBCO base electrodes overlayed directly by a 
counterelectrode [17]. This approach requires no ion 
damage surface treatment [18,19], and the initial data 
shows Ic spreads and ICR„ products comparable to our 
Co-YBCO SNS junctions and suitable for SFQ circuit 
fabrication. 

In summary, we have shown that SNS device resis- 
tances are strongly affected by a number of factors, 
including the base electrode edge angle, the base elec- 
trode material, and the deposition parameters of the 
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normal metal and counterelectrode. The interface 
resistance is believed to be associated with cation 
dl order at the base electrode SN interface as well as 
with defects near that interface frozen in dunng over- 
;rowth of the normal metal. By choosing the proper 
base electrode material and normal metal growth COn- 
Shons it "possible to fabricate high quality SNS edge 
• nctions with a wide range of *»*%™^ 
raneing from almost no interface resistance to cases 
where fhe interface resistance is dominant. ImP?"a"gj 
even in the high resistance limit requiredI for SFQ 
applications the SNS edge junctions still behave> lite 
true proximity effect devices with good ^B) modula- 
X Z tight I spreads We have used, these devicesj» 
demonstrate small-scale (- 10 junctions) HTS! Shy 
Sts [20], and are currently working towards higher 
levels of integration. 
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Abstract — We have developed a process for fabrication of 
HTS single-flux-quantum logic circuits based on edge SNS 
junctions which requires six epitaxial film layers and six mask 
levels. The process was successfully applied to fabrication of 
small-scale circuits (< 10 junctions). This paper examines the 
materials properties affecting the reproducibility of YBCO- 
based SNS junctions, the low inductance provided by an 
integrated YBCO ground plane, and electrical isolation by 
SrTiO or Sr,AlTaO, ground-plane and junction insulator 
layers. Some of the critical processing parameters identified by 
electrical measurements, TEM, SEM, and AFM were control of 
second-phase precipitates in YBCO, oxygen diffusion, Ar ion- 
milling parameters, and preparation of surfaces for subsequent 
high-temperature depositions. 

I. INTRODUCTION 

Practical application of Single Flux Quantum (SFQ) logic 
circuits fabricated in High-Tc Superconductors (HTS) is 
limited at present by a low level of integration of Josephson 
junctions with sufficiently uniform characteristics. SFQ 
gates must have a low inductance, L, consistent with a 
quantum of flux, LIC - *„ = 2 mA-pH, and a Josephson 
critical current, Ic, on the order of 0.5 mA for thermal noise 
stability. Two approaches for achieving such low 
inductances are to use an integrated thin-film HTS 
groundplane or to use submicron lithography. We chose to 
follow the former approach in the process described here. 

The requirements for junction reproducibility are shown 
in Fig. 1 following the discussion in [i]. Reproducibility is 
expressed as the standard deviation of Josephson critical 
currents, I. The calculation of junction count for a particular 
level of junction reproducibility assumes a Gaussian 
distribution of critical currents, and circuit component 
margins of 30%, which have been shown to be realistic in 
both simulations and LTS circuit measurements for SFQ 
circuits. Since there is always some chance with a Gaussian 
distribution that a junction's Ic will fall outside of circuit 
margins, circuit yield is expected to be < 100% even for 
small-scale circuits with low junction counts. 
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Fig. 1. The spread in junction critical currents, o„, required to produce 
circuits with a given junction count. Small-scale circuit demonstrations 
made to date are consistent with relatively large spreads in I, of 20-30%. 
To fabricate SFQ circuits of practical interest with hundreds to thousands of 
junctions and reasonable yields, I, spreads must be reduced to £ 10%. 

Fig. 1 shows that one should expect no more than the 
small-scale SFQ circuit demonstrations made to date as long 
as ak = 20-30%. To fabricate circuits of practical interest 
with hundreds to thousands of junctions and reasonable 
yields, Ic spreads must be reduced to < 10% while still 
satisfying the requirement for LIC - 4>o. 

Details are published elsewhere of junction electrical 
properties and some process issues [2-3], inductance 
measurements [4], and one of the circuits fabricated with this 
process [5]. The emphasis of this paper is in showing how 
the materials properties needed for groundplane integration 
and improved junction reproducibility are affected by the 
details of our integrated circuit fabrication process. 
Although the number of essential film layers is exactly the 
same, it is important to distinguish the multilayer film 
process for HTS digital circuits described here from that 
needed for integrating magnetometer pick-up coils with 
SQUIDs as in [6]. In the case of magnetometers, there is a 
minimal overlap of YBCO film layers which occurs only at 
crossovers. Junctions are fabricated directly on the substrate. 

II. INTEGRATED CIRCUIT FABRICATION PROCESS 

Major process steps we followed to integrate edge SNS 
junctions on an HTS groundplane are shown in Fig. 2. A 
minimum of six mask levels and six epitaxial oxide film 
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layers are needed for this process. Two additional epitaxial 
film layers were sometimes used, a 300 Ä SrTi03 (STO) 
buffer layer between the substrate and groundplane, and a 
300 Ä STO cap layer deposited on top of the groundplane to 
protect the YBCO surface during processing. Since neither 
the presence or absence of these layers affected the sequence 
of process steps, we omitted them from the schematic cross 
sections of multilayers. Next we will describe in detail each 
of the six steps shown in Fig. 2. 

A. Groundplane Deposition and Patterning 

YBCO groundplane films 2250 Ä thick were deposited 
by 90° off-axis rf magnetron sputtering with a process 
described in [7]. In all cases, NdGa03(l 10) substrates were 
used. In some cases, 2-inch diameter wafers were used 
which were diced into 1 cm x 1 cm chips at some point 
before circuit fabrication was completed so deposition 
parameters for the junction films could be varied while 
keeping groundplane fabrication parameters constant. 

Fig. 3 shows the mask layout for (3a) a wafer, (3b) a 
chip, and (3c) a standard junction test subchip. The dark 
band on the subchip is the base electrode with two wire bond 
pads. The rest of the bonding pads are connected in pairs to 
the top electrodes of 20 devices. The edge SNS devices face 
in all four in-plane directions since this is a constraint 
imposed by the need for low-inductance connections in SFQ 
circuits. Junctions are spread out across each subchip to give 
a more complete measurement of junction uniformity. 

Film patterning was done with photoresist masks 
reflowed for 5 min at 130°C. Wafers were tilted 50° from 
normal and rotated during 150 eV Ar ion milling to produce 
edges that angled 20-30° from the substrate plane. The same 
process was used to pattern single or multiple layers. SIMS 
endpoint detection prevented over-milling. 

•2 in 2.5 mm 

a. Groundplane 
YBCO 

YBCO 
N-Layer 

d. N-Layer, Top Electrode, 
Au      Contact^? 

^  
1 substrate 

e. Via Holes, Ex-situ Contacts 
b. Groundplane Insulator 

STO 

c. Base Electrode / f. Top Electrode Patterning 
Insulator Bilayer   ST0 

YBCO 

Fig. 2. The major process steps for fabrication of SFQ circuits with SNS 
junctions integrated on grounplanes for low inductance. The effect of each 
step on materials properties critical for groundplane integration and junction 
reproducibiliry are described in the text. 

Fig. 3. YBCO groundplanes were deposited and patterned on 2-inch wafers 
(a) which were diced into 1 cm x 1 cm chips (b) for deposition of 
subsequent layers. Each chip had nine subchips where (c) was one of our 
standard patterns for measurement of twenty 3-um-wide devices. 

B. Groundplane Insulator Deposition and Patterning 

Before we brought any patterned wafer up to -700°C for 
deposition of a subsequent epitaxial layer, we cleaned the 
surface with an ex-situ oxygen plasma and a 150 eV Ar/02 

ion mill to remove -100 Ä from the surface. XPS studies 
were used to ensure that hydrocarbon and fluorine residues 
were completely removed by the time the sample was 
brought to the desired deposition temperature [8]. 

Both SrTi03 and SrjAlTa06 (SAT) grown by off-axis 
sputtering were developed for epitaxial insulator films. 
Groundplane insulators were nominally 2400 A thick but 
films used for insulator development varied in thickness 
between 1000 Ä and 3000 Ä without apparent thickness 
dependence. The important properties for the groundplane 
insulator were good electrical isolation and vias to ground 
capable of carrying currents greater than the junction critical 
currents (Fig. 2b). 

A series of experiments were performed to determine 
which process parameters had the greatest effect on whether 
a minimum electrical isolation of 2 x 104fl-cm was achieved 
in YBCO/insuIator/YBCO trilayer capacitors. We found that 
the insulator growth temperature in the range of 660-750°C, 
whether the layers were deposited without breaking vacuum, 
interfaces exposed to air, or interfaces exposed to ion-mill 
processing, were not significant factors. We also found that 
room temperature measurements were good predictors of 
isolation at 77K. 

However, roughness of the first YBCO layer was found 
to be the key factor in determining electrical isolation. Fig. 4 
shows the defect density in insulators inferred from the 
fraction of 35 capacitors per chip ranging in area from 1 mm 
x 1 mm to 250 um x 250 ujn. In [9], the defect density, D, is 
calculated from the "yield," the fraction of capacitors 
exceeding the minimum resistivity criterion, based on, 

yield = (# working) / (# tested) = exp( -D / Area) (1) 
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Fig. 4. Defect density for a series of 19 samples with 35 YBCO / SAT or 
STO / YBCO trilayer capacitors on each. Samples labeled as "smooth" had 
<, 10' copper oxide precipitates per cm1 in the lower YBCO film and, for all 
but one sample, no measured electrical defects. 

Since we used two capacitors in series to measure yield, 
D was determined from, 

(2) yield = 1- (l-exp( -D / Area))2 

The data in Fig. 4 are for a numbered series of samples 
with STO deposited on either rough or smooth YBCO base 
layers and SAT deposited on smooth YBCO. Error bars 
were based on potential changes in the yield by ±1 capacitor. 
For smooth films, only one leaky capacitor was found in 14 
samples with a total of 490 capacitors. Nearly all of the 
capacitors exceeded the resistivity criterion by 4 or 5 orders 
of magnitude. 

The definition of "rough" and "smooth" films in this case 
was based on the density of copper oxide precipitates which 
can be clearly seen, identified, and counted in an SEM. 
Smooth films had a density of < lOVcm2 such "boulders," 
whereas rough films typically had 105-107cm2. 

A cross-sectional TEM image of a YBCO edge SNS 
junction without a ground plane is shown in Fig. 5 to show 
the contrast between relatively smooth film layers, with rms 
roughness as low as 10-15 A, and copper oxide boulders 
which disrupt insulator growth if they nucleate in one of the 
lower YBCO film layers. 

Results of measurements of SAT and STO dielectric 
constants are shown in Figs. 6(a) and (b), respectively. Both 
data sets were independent of frequency in the measurement 
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Rg. 5. Cross-sectional TEM image of an edge SNS junction without a 
ground plane showing the contrast between relatively smooth film layers 
and the potential for copper oxide "boulders" to disrupt multilayer 
structures. In this case, the boulder nucleated in the YBCO 
counterelectrode so it only disrupted the Au contact layer. 

range up to 10 kHz. For SAT, e(77K) = 26 is in good 
agreement with SAT films grown by pulsed laser deposition 
[10], but is significantly higher than for bulk samples where 
e(90K) = 11.8 [11]. For STO, e(300K) is in reasonable 
agreement with bulk samples but our STO films showed 
much less dependence on temperature than expected from 
bulk. Although we have made no direct measurements of 
dielectric loss, the anomalous behavior of STO films 
compared with bulk appears to be favorable since average 
voltage measurements of toggle flip-flips fabricated with 
STO groundplane and junction insulators indicated that they 
operated up to 15 GHz [12]. 

C. Base Electrode /Junction Insulator Formation 

A YBCO base electrode 2250 Ä thick and a junction 
insulator 1500 Ä thick were sputter-deposited and patterned 
to form the structure shown in Fig. 2(c). The edge patterned 
at this step deserves special consideration since it formed one 
interface of SNS junctions. In addition to the ex-situ ion-mill 
cleaning described earlier, this edge was subjected to an in- 
situ 100 eV Ar ion mill to remove a few monolayers just 
before deposition of the normal-conducting, "N-layer." 

D. N-Layer and Counterelectrode Processing 

Results in [13] and [14] showed that the N-layer in SNS 
junctions which had the closest structural match to YBCO 
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Fig. 6. Dielectric constants for (a) SAT and (b) STO epitaxial thin films 
deposited on YBCO. In comparison with bulk dielectrics, the most 
significant difference is the weak temperature dependence of STO. 
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led to junction characteristics which could best be explained 
by the standard model of proximity effects at S-N interfaces. 
Fig. 7 summarizes the dependence of junction critical current 
density, Jc, on N-layer thickness for three different N-layers 
based on doping YBCO with sufficient cobalt, calcium, and 
praseodymium, respectively, to reduce Tc to -50K. For these 
N-layer evaluation experiments, we did not use a ground 
plane or rotate the samples during ion milling so all junction 
edges face the same direction. 

Each data point in Fig. 7 represents the average Jc for all 
junctions on a chip and the error bars indicate the Jc spread. 
The  normal-state  coherence  lengths,  ^(7710,  calculated 
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Fig. 7. Junction critical current density, Jc, plotted as a function of N-layer 
thickness for Co, Ca, and Pr-doped YBCO N-layers. Each data point 
represents the average J, for all junctions on a chip and the error bars 
indicate the Jc spread. The exponential dependence of Jt on N-layer 
thickness shows the extent of our control over S-N interfaces and N-layer 
film growth. 

from the slope of the lines drawn in Fig. 7 are larger than 
expected from resistivites, p(77K), that varied from low 
values of 60-100 uii-cm for Ca-YBCO to high values of 
300-600 pfl-cm for Co-YBCO. However, the fact that Jc 

was an exponential function of N-layer thickness indicated 
that both edge formation and N-layer film growth on tapered 
edges were controlled processes. 

High ICR„ products for Co-YBCO junctions, 160-180 u.V 
at 77K and -500 u.V at 65K, led us to focus on Co-YBCO. 
The Pr-YBCO junctions had LR, products that were just 
marginally lower but LR,, for the Ca-YBCO junctions was a 
factor of 4 lower. 

As shown schematically in Fig. 2(d), the selected N- 
layers, typically 75-200 Ä thick, YBCO top electrodes 2000 
Ä thick, and  1000 Ä Au contact layers were deposited 
sequentially   without  breaking   vacuum.      Although   this 
process   was   originally   developed   using   if  sputtering, 
indications   of   inhomogeneity   in   sputtered   Co-YBCO 
encouraged us to fabricate junctions with N-layers, and 
necessarily, top YBCO electrodes, grown by pulsed laser 
deposition (PLD).   Fig. 8 shows the differences in typical 
p(T) curves for sputtered and PLD Co(7%)-YBCO where the 
higher Tc,  broader  transition,  and  higher  p(T)  for  the 
sputtered film were interpreted as signs of inhomogeneity. 
So far, the properties of our PLD junctions were not grossly 
different from sputtered junctions but the single chip with the 
tightest spread in Ic was fabricated with PLD. 

E. Via Holes and Base Electrode Contacts 

Fig. 2(e) shows the circuit structure after a via hole was 
ion milled to the YBCO base electrode and an ex-situ Au 
contact to the base electrode was patterned by lift-off. Via 
holes, crossovers, and step coverage were the subjects of a 
separate study of such passive structures for HTS digital 
circuits [8]. SEM micrographs of a test via and crossover are 
shown in Figs. 9(a) and (b), respectively. The most 
important    characterization    of    these    structures    were 
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deposited by sputtering and PLD. Although sputtered films have resulted in 
junctions with desirable properties, their higher T,, broader transition, and 
higher p(T) were interpreted as signs of inhomogeneity 
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measurements of electrical isolation (Fig. 4) and measure- 
ments of critical currents through vias and for films over 
steps. We designed vias in our circuits to have a large 
perimeter for contact compared to junction widths so they 
were never found to limit Ic. Fig. 10 shows that JC(T) for 
YBCO films covering 20 steps in either an STO underiayer 
or STO isolating YBCO cross-unders, was degraded by 
approximately one order of magnitude but could be kept 
larger than typical Jcs for either SEGB or SNS junctions. 

F. Top Electrode Patterning 

The last mask level was used to pattern the trilayer 
consisting of the N-layer, top YBCO electrode, and in-situ 
Au contact layer. Typical variations in the morphology of 
sputtered trilayers are shown in Fig. 11. Junctions for all 
three pictures had smooth base electrode films. In Fig. 11(a), 
both the Co-YBCO layer and YBCO top electrode were 
deposited at a low total sputter pressure of 125 mtorr. Under 
these conditions, it is relatively easy to avoid formation of 
copper oxide boulders and a-axis oriented YBCO 
outgrowths, and to obtain smooth surfaces on planar film 
regions. However, step coverage was poor as can be seen 
both in the junction area and in the rough pattern transferred 
by ion milling along the entire base electrode edge. 

Fig. 9. Scanning electron micrographs of (a) a via hole and (b) a crossover 
test structure. These passive structures were characterized by measurements 
of electrical isolation as in Fig. 4, and J, measurements as in Fig. 10. 
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Fig. 10. Critical current density, J,(T), comparisons for YBCO films 
showing that coverage over multiple 20-30° steps degrades Jt by 
approximately an order of magnitude but not enough to cause a problem for 
SEGB or SNS-based circuits. 

Fig. 11. Junctions 3 um wide fabricated on smooth YBCO base electrodes. 
N-layers and YBCO top electrodes grown at low pressure (a) tended to 
exhibit poor step coverage whereas films grown at high pressure (b and c) 
were susceptible to boulder formation as in (b). 

Figs. 11(b) and (c) show Co-YBCO and YBCO films 
deposited with the same Ar:02 ratio of 2:1 as in Fig. 11(a), 
but with a total pressure of 185 mtorr. In these cases, good 
step coverage was achieved but both the N-layer and top 
electrodes were susceptible to boulder formation. We 
believe that the difficulty in obtaining the film morphology 
shown in Fig. 11(c) was the greatest contributing factor to 
spread in junction critical currents. 

A cross-sectional TEM micrograph of a junction without 
a ground plane is shown in Fig. 12. This sample had a 100 A 
thick sputtered Co-YBCO N-layer (not distinguishable in the 
image) and a smooth edge as in Fig. 11(c). Simulations of 
phase contrast showed that the cobalt-doped layer could only 
be seen for a few select specimen thicknesses and defocus 
conditions. Nevertheless, it was observed that the bottom 
film was nearly free of defects up to the interface while the 
top electrode had stacking faults in the junction region. 

III. POSSIBLE ORIGINS OF JUNCTION VARIABILITY 

Having established a baseline process for SNS junction 
and HTS digital circuit fabrication, we examined whether 
variations in the critical currents of junctions produced in 
this way were due to fluctuations in the parameters we 
controlled or due to intrinsic materials properties. In this 
section, we will present the results of experiments designed 

Fig. 12. Cross-sectional TEM micrograph of a junction with Co-YBCO N- 
layer and a smooth edge as in Fig. 11(c). Since the Co-doped layer could 
not be distinguished, the only visible defects are stacking faults in the top 
YBCO film in the vicinity of the junction. 
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Fig. 13. Junction critical current density vs. junction number for two chips 
with Co-YBCO N-layers. YBCO <110> junctions (highlighted) tended to 
have different J,s than <100> but not consistently larger or more uniform. 

to test whether some intrinsic materials properties of YBCO 
were limiting junction reproducibility. 

We always aligned photomasks so junction edges faced 
in YBCO <100> in-plane directions. However, some of our 
20-device subchips (Fig. 3c) had 4 junctions with edges 
facing in <110> directions to test whether crystal anisotropy 
or twinning affected Jc uniformity. Fig. 13 shows Jc data for 
two such chips with the <110> data highlighted. Typically, 
YBCO <110> junctions tended to have different Jcs than 
<100> but not consistently larger or more uniform. 

To test these ideas further, we fabricated junctions with 
Y^Ca.Ba^La.C^O, (YCBLCO, x = 0.4) tetragonal elec- 
trodes. YCBLCO was shown to be highly resistant to 
corrosion [15], and we measured lower oxygen diffusion 
rates with in-furnace resistivity measurements at 400-500°C 
than in undoped YBCO films. I-V characteristics for 10 
junctions on one chip fabricated with YCBLCO electrodes 
are shown in Fig. 14. Junction resistance tended to be high 
so ICR„ at 65K was 500 pV even though the electrode Tc was 
just 78K. Junction Ic uniformity was poor over large areas 
because these initial sets of YCBLCO films had a lOVcm2 

density of CuO boulders. 

IV. CONCLUSIONS 

The YCBLCO experiment confirms the conclusion stated 
previously that the most important attribute for integration of 
junctions with groundplanes and for improved Ic uniformity 
is to produce smooth multilayer film surfaces. Small-scale 
circuits could be fabricated and demonstrated with our 
process because we have some control over this factor. 
However, experiments designed to determine intrinsic limits 
to Ic uniformity will not be definitive until this extrinsic 
factor is completely controlled. 
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High-Tc SNS Edge Junctions with Integrated YBa2Cu3Ox Groundplanes 
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Abstract—We have fabricated high-Tc SNS weak links 
in an edge geometry with integrated YBa2Cu3Ox (YBCO) 
groundplanes and SrTi03 insulators, using a process 
which incorporates six epitaxial layers, including a Co- 
doped-YBCO normal-metal interlayer. The SNS edge 
junctions were produced using films deposited by both 
off-axis sputtering and pulsed laser deposition. These 
devices exhibit tight Jc spreads and high ^R,, products in 
a current density regime well-suited for SFQ circuit 
fabrication. We also describe results on SNS junctions 
fabricated in a novel "slot" geometry, designed to reduce 
junction and interconnect inductances. 

L  INTRODUCTION 

Single Flux Quantum (SFQ) logic offers the promise 
of 10 GHz operation coupled with microwatt power 
dissipation at the logic gate level. Realization of this 
potential requires the fabrication of high quality Joseph- 
son junctions in a multilevel epitaxial process. In 
particular, junctions with high critical-current - normal- 
state-resistance (ICRJ products (>200 uV), tight critical 
current spreads (<15%), and low junction and intercon- 
nect inductances are needed. The inductance con- 
straints are most readily satisfied by incorporation of a 
superconducting groundplane. 

We have recently reported on the fabrication of high 
performance SNS edge junctions and SQUIDs inte- 
grated with YBCO groundplanesfl], and good progress 
in this area has also been made by other groups[2], [3]. 
In this paper we discuss fresh aspects of the fabrication, 
including details of a new pulsed laser deposition 
process, alternate multilayer processing schemes, and 
recent results on the effect of edge angle variations on 
device properties. We also present new electrical data 
for SNS junctions with and without groundplanes with 
emphasis on devices with critical currents suitable for 
SFQ circuits. Finally we show results on a novel "slot 
junction" geometry, which^enables the fabrication of 
lower inductance junctions and interconnects. 

JI  PROCESS DETAILS 

A Film Growth 

The YBCO, SrTi03 (STO), and Co-doped YBCO 
(usually YBa2Cu28Co02Ox), films used in this work 
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were deposited by off-axis rf magnetron sputtering or 
by pulsed laser deposition (PLD). To date, sputtering 
has been used for deposition of every layer for some 
chips, and is always utilized for growth of the ground- 
plane and groundplane-insulator, because the best 
sputtered films tend to be smoother than typical PLD 
films, which helps guarantee good electrical isolation 
between YBCO layers. Details of the sputter deposition 
were given in an earlier paper [1]. 

Our PLD film process has been primarily used for 
YBCO base electrode deposition and for completing 
junctions with growth of the normal metal and coun- 
terelectrode layers. Base electrode films were grown on 
STO buffer layers on NdGa03 (NGO) substrates. 
Typical YBCO deposition parameters were a nominal 
substrate block temperature of 805*C with a target-to- 
substrate distance of 5 cm, and an oxygen pressure of 
400 mT. We were able to eliminate a-axis grain forma- 
tion in the YBCO films by using targets with a small 
amount of La doping (YBa, 9jLa0JCu3Ox), a composi- 
tion motivated by the possibility of obtaining higher Tc 

films [4]. La-doped YBCO films had Tf - 87-91 K, and 
RMS roughnesses for 2000 A films in a 10x10 urn 
AFM scan were =30-50 A (this compares to =10-30 A 
for the best sputtered films). Local smoothness of the 
PLD films was generally good (=15 A on a 2x2 u,m 
scan), but scattered submicron outgrowths made the 
RMS roughness over larger areas somewhat worse. 

The Co-doped YBCO films were grown under 
similar conditions except that the oxygen pressure was 
600 mT. These deposition parameters produced films 
with the best electrical properties, but the 600 mT Co- 
YBCO films contained more outgrowths than for lower 
pressure growth. We found that the PLD-optimized 
YBajCujgCogjO, thin films had electrical properties 
closer to bulk values than our best sputtered films: 
typical Tcn values were =45 K with 65 K resistivities of 
250 u!2-cm, compared to =55 K and 350 uii-cm for the 
sputtered films. 

B. Multilayer Processes 

1) Buried groundplane processes: Requirements for 
the fabrication of high performance multilayer circuits 
include the need for acceptable electrical isolation, high 
current density (JJ vias and crossovers, high quality 
epitaxy of all layers, and complete oxidation of buried 
YBCO films. Details of the processing steps used to 
produce SNS edge junctions over buried groundplanes 
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which meet these constraints were presented in [1]. In 
that work our multilayer process used two separate via 
patterning steps to make contact to the groundplane and 
to the base electrode. The result of this "double-via" 
approach is separate patterning and epitaxial over- 
growth of the groundplane, the groundplane insulator, 
and the base electrode bilayer. Because epitaxial 
growth over a patterned film is quite sensitive to surface 
cleanliness of the underlayer, the yield of such a se- 
quence of patterning and growth steps can be reduced, 
even with the cleaning procedure described in [1]. 

More recently we have also successfully produced 
edge junctions with groundplanes using a variation on 
this process in which a STO/YBCO-base-electrode/ 
STO trilayer is grown over the patterned groundplane 
as illustrated in Fig. 1. In this case contact between the 
base electrode and groundplane is made through large- 
area SNS junctions defined by a single via through the 
trilayer combined with counterelectrode "plugs" pat- 
terned at the same time as the junctions.  The advan- 
tages of this "single-via" process are a reduced number 
of mask layers and in-situ growth of the base electrode 
trilayer, an inherently higher yield approach than the 
double-via process.   Potential disadvantages are re- 
duced circuit layout flexibility and Iower-Jc via con- 
tacts. This approach is similar to a process first reported 
by Conductus [2].   At the present we are using both 
processes to produce junctions with groundplanes. 

2) Groundplanes on top: Both the single and double- 
via processes are based on a buried groundplane con- 
figuration to minimize process exposure of completed 
SNS devices. However, it should be noted that there is 
no inherent reason to prohibit the use of groundplanes 
on top. Putting the groundplane above the junctions 
simplifies the processing, because groundplane mor- 
phology is no longer critical. In addition, fabricating 
the junctions directly on the substrate may ultimately 
lead to tighter device parameter spreads, and the 
groundplane and groundplane insulator serve as pas- 
sivation layers for the buried junctions. 
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Fig. 1. Schematic cross section of a YBCO/Co-YBCO/YBCO SNS 
edge junction integrated with a YBCO groundplane in the "single- 
via' process. Contact between the groundplane and base electrode is 
provided by a counterelectrode plug. 

We have begun experiments with groundplanes over 
SNS devices, with promising initial results. In this case 
we processed previously tested junctions without 
groundplanes by ion milling off the Au contacts, grow- 
ing an STO layer, and patterning via contacts to the 
buried electrodes. Finally the YBCO groundplane was 
deposited and patterned, and Au contacts were defined. 
Results are discussed in Section m. 

C. Tapered Edge Effects 

Tapered base electrode edges with edge angles less 
than 45* are important for avoiding grain boundary 
formation in the counterelectrode[4].   Circuit layout 
considerations also make it desirable that the edge 
junction properties be independent of edge orientation. 
These constraints motivated the development of the 
reflowed-resist tapered edge process described in [1], 
which produced edge tapers of =30*.  More recently, 
other results [5],[6] suggested that even shallower edges 
might be desirable. These reports led us to develop a 
modified tapered edge process utilizing an argon- 
oxygen gas mixture combined with the reflowed resist 
process reported earlier [1]. We found that milling at 
300 eV in a 10% 02 in Ar mixture at 45* produced 14* 
edges for lines of 20 u,m or larger (all angles measured 
from the horizontal). Milling at 60* under these condi- 
tions produced tapered edges of 11.5*. 

Our preliminary results with these shallower edge 
angles have revealed unexpected problems with void 
formation on edges below 15* in junctions completed 
by PLD at our normal counterelectrode deposition 
pressure of 400 mT.   Higher pressure growth (up to 
600 mT) improved the edge coverage, but resulted in 
increased CuO boulder formation.  In the worst cases 
the voids were detectable in an optical microscope as an 
irregular edge, but AFM or SEM studies were needed to 
actually resolve the voids.   Away from the device 
edges, film growth was uniform without holes. Sput- 
tered SNS weak links showed better edge coverage over 
the shallow edges (at high deposition pressures), but 
both the PLD and sputtered devices exhibited nonideal 
electrical behavior, as discussed below. 

HL ELECTRICAL RESULTS AND DISCUSSION 

A SNS Junctions Without Groundplanes 

1) Devices with shallow edge angles: PLD- 
completed devices fabricated on the 11.5 and 14* edges 
at growth pressures of 400-600 mT often exhibited 
"flux-flow" IV characteristics and nonideal magnetic 
field modulation of the critical currents, and tended to 
have degraded Ic spreads. In contrast, PLD devices on 
=30* edges showed excellent electrical behavior (next 
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section). These initial results also show that junction 
RnA products correlate with the edge angles: RnA 
products for three chips with 100 A Co-YBCO interlay- 
ers and edge angles of 11.5', 14°, and 30' were 51.5, 
17.2, and 1.4 n-p.ni2, respectively. While it is not 
surprising that junctions with voids at the edge exhibit 
higher resistances, these results suggest that the high 
I^A products we observe even for the 30* edge devices 
[1] may be caused by nonuniform conduction associ- 
ated with small voids along the edges. 

Although the sputtered SNS devices had fewer obvi- 
ous problems with edge coverage, they also tended to 
exhibit degraded junction quality and Jc spreads. The 
difficulties we observe with growth over shallow 
YBCO edges may be eliminated by further optimization 
of the growth conditions. However, our current efforts, 
described in the remainder of the paper, are focused on 
edge junctions with edge angles close to 30*, with 
which we can routinely produce high quality devices. 

2) Devices with 30' edges: SFQ circuits require in- 
ductance (L) - Ic products on the order of a single flux 
quantum, <|)0 = 2000 pH-U.A. Because typical microstrip 
inductances are about 1 pH/D [1].[2], conventional 
SQUID layouts point to critical currents of a few hun- 
dred U.A, with the lower limit set by thermal noise 
considerations. Fabricating devices with lower Ic values 
is accomplished by using thicker N-layers, which leads 
to an associated reduction in the IcRn products. 

Fig. 2 shows the I-V characteristics at 65 K for 
nineteen 3-U.m-wide SNS edge junctions without 
groundplanes with a 75 A Co-doped-YBCO normal 
metal layer, which meet the SFQ critical current con- 
straints (one junction of the twenty total on the test 
subchip was not measured due to a probe wiring prob- 
lem). For this chip the base electrode YBCO-STO 
bilayer was sputter deposited and the normal metal and 
counterelectrode were grown by PLD. The average 
device parameters and spreads for these junctions were: 

1000 

•1000 
•750 -500 -250  0 

V(uV) 
250  500 750 

Fig. 2. I-V data at 65 K for nineteen 3-um-wide junctions on a test 
chip without groundplanes with a 75 A Co-doped YBCO interlayer. 
The l-0Jc spread is 16% and the average lcR„ product is 181 |iV. 

400 

Fig. 3. I-V characteristics at 77 K for nine 4-ujn-wide junctions 
with integrated groundplanes and 75 A Co-YBCO interlayers. The 
1-<T Jc spread is 16% and the average ICR,, product is 100 U.V. 

Jc = 5.0 x 104 A/cm2, 1-a = 16%; IR, = 181 (iV, l-o = 
13%; and RnA = 3.7 x 10-9 Q-cm2, l-o = 12%. The 
average values of critical current and resistance were 
213|xA and 0.82GI. The current densities of these 
devices were lower than the Jc values of devices with 
sputtered Co-YBCO interlayers of similar thickness due 
to the different electrical properties of the sputtered and 
PLD Co-YBCO films. All but one of the devices 
exhibited nearly complete magnetic field modulation of 
the critical currents, with close to the expected l(sinx)/xl 
behavior. The combination of tight Jc spreads, large LJR,, 
products, and small, SFQ-compatible critical currents 
seen on this chip is an important demonstration for the 
viability of HTS SFQ digital circuits. 

B. SNS Junctions With Groundplanes 

1) Buried groundplanes: The I-V characteristics for 
a recent set of nine 4-fim-wide SNS edge junctions over 
groundplanes are shown in Fig. 3. These junctions 
were fabricated using the double-via process with a 
sputterered groundplane and groundplane insulator, and 
a PLD base electrode, 75 A Co-YBCO layer, and 
counterelectrode. In this case the test chip contained 
fewer individual junctions, but included other test 
structures such as SQUIDs and Jc bridges. At 77 K the 
average device parameters and spreads for these junc- 
tions were: Jc = 7.5 x 104 A/cm2, 1-a = 16%; IcRn = 
100 u,V, l-o = 13%; and R„A = 1.3 x 10"9 Q-cm2, l-o = 
10%. At 65 K the average Jc increased to 
2.9 x 10s A/cm2 with a l-o spread of only 7%, demon- 
strating that very tight Jc spreads can be achieved over 
a groundplane, albeit with Ic values too large for SFQ 
applications in this case. These results also illustrate a 
trend seen for our recent groundplane chips: for a given 
N-layer thickness the average Jc has been higher and the 
average RnA product lower relative to junctions without 
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groundplanes. This behavior was not seen in our earlier 
work [ 1 ], where junctions were very similar whether on 
or off of groundplanes.  The more recent groundplane 
data may indicate that rougher growth in the upper 
layers of our multilevel structures is leading to device 
edge coverage problems, and, indeed, recent ground- 
plane films have been somewhat rougher than in the 
previous work. These devices have proved suitable for 
fabrication of high quality SQUIDs and small-scale 
SFQ circuits [7],[8], and we expect that further im- 
provements in the film process will lead to improved 
devices with reproducible characteristics both on and 
off of groundplanes. 

1) Groundplanes on top: Two chips have been proc- 
essed to add groundplanes over previously tested junc- 
tions as described in Section II.    These devices 
exhibited RSJ I-V characteristics with very similar 
parameters to those before the groundplanes were 
added, except that the operating temperature of the 
junctions was reduced by about 20 degrees. At 50 K the 
average device values were: Jc = 1.8 x IO3 A/cm2; IcRn 

= 476 U.V; and RnA = 3.1 x 10'9 ft-cm2. This suggests 
that the high temperature insulator and YBCO growths 
done after junction fabrication led to oxygen depletion 
in the junction region, and we are investigating anneal- 
ing procedures to re-oxygenate the devices. 

C. Slot-Defined SNS Edge Junctions 

Obtaining SFQ-compatible LIC products can be 
aided by patterning a slotted insulator layer over the 
SNS device edge as shown in Fig. 4a). This modifica- 
tion of the SNS edge junction geometry enables the use 
of wide,  low-inductance counterelectrodes,  while 
maintaining the small junction area needed for small-Ic, 
high Rn devices.   The additional insulator layer also 
allows increased flexibility in circuit layout by enabling 
wiring to cross base electrode edges without shorting. 
In our initial experiments with the slot geometry, we 
patterned 3-jim wide slots in a 500 A STO layer, com- 
bined with 10 u\m-wide counterelectrodes. Fig. 4b) 
shows typical I-V and IC(B) modulation data for a slot- 
junction device with no groundplane with a sputtered 
200 A Co-YBCO normal metal layer at 77 K. We have 
also fabricated slot-defined junctions and SQUIDs 
integrated with groundplanes, and SQUID measure- 
ments show the expected inductance reduction[7]. 
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200 A-YBCO normal metal layer at 77 K. 
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ABSTRACT 

Current HTS circuit process development focuses mainly on SNS junctions, in contrast to 
the SIS junctions used in the more well-developed low temperature superconducting (LTS) 
technology Despite the fact that S-N-S junctions have intrinsically low resistance we have 
found that it is possible to fabricate HTS S-N-S edge junctions with sufficiently high resis- 
tance for digital circuits (~ 1 Q), and with critical current spreads as low as 10%, one-sigma. 
We argue that one significant factor in producing such high resistances is a reduction in the ef- 
fective area of the junctions. 

INTRODUCTION 
Due to the difficulties inherent in fabricating S-I-S Josephson junctions based on HTS, a 

great deal of effort has been directed to developing S-N-S junctions, which have more relaxed 
materials requirements. In particular, edge (or ramp) geometry junctions, based on c-axis ori- 
ented YBCO films, have been the vehicle for exploration of a number of junction interlayers 
("N-layers") Our own efforts to develop HTS Single Flux Quantum (SFQ) digital circuits 
have emphasized the use of Co-doped YBCO. We, and colleagues at Conductus, have demon- 
strated the integration of these junctions with an HTS ground plane, producing the low induc- 
tance structures required for SFQ circuits [1-3], and we have used such a process to demon- 
strate simple HTS SFQ circuits incorporating up to ten junctions [4]. 

The use of Co-doped YBCO, and related materials, was motivated by the desire to mini- 
mize inhomogeneity at the S-N interfaces, which may be due to extrinsic effects such as etch 
damage, or to more intrinsic factors such as lattice-constant or thermal expansion mismatch, 
and which is thought to lead to lack of reproducibility and uniformity in junction parameters 
[5]. Since the doped YBCO N-layers are structurally well-matched to the YBCO electrodes 
the resulting junctions may be more ideal in that their resistance is dominated by the resistance 
of the N-layer material itself, rather than an interface resistance, and thus the junctions may be 
expected to be more reproducible. 

In practice this approach leads to lower junction resistances (< 0.1 Q) than is desirable for 
digital circuits (~ 1 Cl), however we have found that a number of fabrication parameters can 
have a large effect on the junction resistance, so that we can obtain a wide range of resistances 
while still achieving good reproducibility. While we do not yet understand the detailed 
mechanisms by which these fabrication parameters affect junction resistance, nor in fact what 
all the important parameters are, our data suggest that one important factor is changes in the 
effective area of the junctions. 

JUNCTION FABRICATION 
We have previously described the details of our junction fabrication process [1,6]. 

Briefly, films are deposited by either off-axis RF magnetron sputtering, at typical deposition 
temperatures of 780°C, or by on-axis pulsed laser deposition (PLD), typically at 805°C. The 
edge junction base electrode is capped by an epitaxial layer of either SrTi03 or Ce02, and the 
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base electrode edges are etched 
with a 150eV-300eV Ar+ 

source. An important aspect 
of the PLD process is that we 
sometimes use YBCO doped 
with a small amount of La 
(YBai^Lao.osCxiiO^, which 
was initially chosen because it 
simplified the elimination of a- 
axis grains. 

While several factors in- 
fluence the junction resistance 
we focus here on three: base 
electrode material and deposi- 
tion technique; normal layer 
deposition conditions; and 
base electrode edge angle. 

RESULTS 

< 
E, 
c 

o 

Voltage (mV) 

Fig. 1 - Current-Voltage characteristics for a set of 19 edge S- 
N-S junctions with parameters suitable for digital 
logic. Average parameters are: Jc = 4.1xl04 A/cm2, 
RNA = 7.7x10'9 ß-cm2, RN = 0.97 Q, LRN = 315 uV, 
Jc spread (1-sigma) = 13%, R, spreads (1-sigma) = 6%. 
The N-layer was 50A of PLD-deposited 
YBa2Cu2 79Co02iOx, and the base electrode 2000 A of 
sputtered YBCO. 

Effect of Base Electrode Mate- 
rial 

Fig. 1 shows a set of cur- 
rent-voltage characteristics for 
a set of SFQ-compatible junctions utilizing sputtered YBCO base electrodes, exhibiting rela- 
tively narrow critical current spreads.  Junction parameters are given in the caption.  Of par- 
ticular note is the average resistance, RN = 0.97, which is about sixty times higher than the 
nominal resistance expected from the resistance of the N-Iayer itself, which, assuming our 
measured a-b resistivity of 250 u!2-cm, is 0.016 fl.  In the case of PLD La-YBCO base elec- 
trodes we typically observe even higher resistances, sometimes as high as 100Q, while PLD 
YBCO base electrodes typically lead to significantly lower resistance.   Results for the de- 
pendence ofRsA on N-layer thickness, du, are shown in Fig. 2 for these three base electrode 
materials, where each data point represents an average over at least 18 junctions.  Despite the 
scatter in the data it is apparent that the high junction resistances, in the case of PLD La- 
YBCO and sputtered YBCO base electrodes, are associated with a high effective resistivity, or 
a reduced effective area. According to conventional proximity effect models, such a high resis- 
tivity would lead to an extremely short normal metal coherence length, inconsistent with the 
observed magnitudes of critical current density. We therefore suggest that reduced area is the 
explanation. Also, for the two high resistance cases, it is fairly clear that the normal resistance 
is not dominated by a series resistance associated with the interface, since there is no signifi- 
cant vertical offset m RNA versus dN. 

Effect of N-layer Deposition Conditions 
For a given base electrode material we have found that a change in the deposition condi- 

tions of the normal layer can have a large effect on RN and Jc. For example, for a PLD YBCO 
base electrode, increasing the deposition pressure from 400 mT to 800 mT led to a factor of 
ten reduction injunction resistance (and a factor of more than 100 increase in Jc) so that we 
obtained junction resistances as low as 0.03 Q. for a 50 A Co-YBCO N-layer, which is only a 
factor of two higher than the expected intrinsic resistance. We have not yet studied this case 
in detail, since the resulting junctions have too low resistance to be useful for digital applica- 

125 



4 - 

E 
3. 

<   2 z 
GC 

tions, but we suggest that the increased 
pressure typically leads to better cov- 
erage, in the case of the base electrode 
by the normal layer, and thus effective 
area more closely approaching the 
nominal junction area. 

For the cases discussed so far we 
infer that the area inhomogeneity is on 
a length scale small compared to the 
nominal junctions dimensions, because 
the measured dependence of critical 
current on magnetic field, Ic(B), is usu- 
ally quite close to the behavior ex- 
pected for a uniform junction. How- 
ever, the fact that the rninima in IC(B) 
are sometimes lifted above zero is con- 
sistent with nonuniform supercurrent 
conduction. The fact that we are able 
to observe critical current spreads as narrow as 
gross area fluctuations. 

rn Base electrode material: 
♦   PLD La-YBCO 
O   Sputtered YBCO 
G   PLD YBCO (X 5) 

o_ 

=1 

♦ 
0 

6 
a 
i _L 
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Fig. 2 - Junction resistance (times nominal junction 
area) versus N-layer thickness for three dif- 
ferent base electrode materials, illustrating 
the broad range of resistances obtained. Data 
for PLD YBCO are multiplied by a factor of 
five to improve readability. 
10% (one-sigma) also argues against more 

Effect of Base Electrode Edge Angle 
For both ofthe above cases the inferred effective area reduction can not be directly ob- 

served by any of our readily available analytical techniques. However, when we fabricate base 
eWttode edges with angles much less than our standard 20-30°, measured with respect to the 
substrate we directly observe that voids form in the normal and/or counterelectrode films 
JJnwn over this shallow edge. While the reasons for this poor growth are currently unknown 
£eldr« readi y meas

g
urable in the electrical characteristics of Ae resulting junctions For 

tne enecis arc ic     y example, IC(B) is no longer ideal, but 
rather is representative of a small 
number of parallel weak links. In ad- 
dition, the junction resistance is con- 
siderably higher than for steeper 
(-30°) edges with better coverage, as 
illustrated in Fig. 3. 
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Fig. 3 - 

DISCUSSION 
We have argued that, for our HTS 

edge junctions, reduction in the effec- 
tive area is at least partly responsible 
for the observed high junction resis- 
tances. This area inhomogeneity ap- 
pears, in many cases, to be on a suffi- 
ciently fine length scale that the junc- 
tions behave relatively ideally in a Junction resistance versus edge angle for PLD- uvua   ~ .„.-.,   ——,   -  - 

deposited normal layer and counterelectrode. magnetic field, and that relatively good 
The  increase  in resistance  is due to   gross crmcai    current    reproducibility     is 
problems in coverage  by the  normal  layer achievabje.  Further evidence that the 
and/or counterelectrode. 
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Fig. 4 - Critical current density versus temperature for four junctions on a chip. The 
curves differ mainly in their vertical displacement on a semi-log plot, con- 
sistent with effect area differences between the junctions. 

measured I«. spreads are influenced strongly by area fluctuations is provided by the tempera- 
ture dependence of IC(T) for different junctions on a chip. As shown in Fig. 4, we usually ob- 
serve that semi-log plots of IC(T) show the data for different junctions to differ mainly in their 
vertical offset, which is consistent with different areas rather than, for example, different N- 
layer thicknesses or normal-metal coherence lengths. 

We do not yet know whether this inhomogeneity, which may be different for quasiparti- 
cle- and supercurrents, will prevent us from obtaining the level of Ic control required for com- 
plex digital circuits, although we find the results to date quite encouraging. 
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Appendix D: Transport Properties of HTS Junction 
Arrays 

This report was prepared by Prof. David Mast of the Department of 
Physics, University of Cincinnati, based on measurement of 2-dimensional 
junction arrays fabricated at Northrop Grumman. 
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Transport Properties of High Tc Ramp-edge Junction Arrays 
University of Cincinnati 

Our experimental efforts were focused on a wide variety of transport measurements on 

Northrop-Grurnrnan's HTS superconductor- normal layer- superconductor (SNS) Josephson 

ramp-edge junction arrays. These measurements included a study of the low frequency noise, the 

resistive transition, the I_V characteristics and the single junction and array magneto-response. 

We investigated HTS square lattice arrays (both uniform and site-disordered arrays), hexagonal 

arrays and serial arrays. These arrays were fabricated from epitaxilly grown YBa2Cu307-x 

(YBCO) with a 3% Co doped YBCO normal layer. The arrays were developed and fabricated at 

the Northrop-Grumman Science and Technology Center (STC). Our major findings include the 

observation of anomalous low frequency noise in square lattice arrays, verification of filamentary 

conduction in the HTS junctions due to possible voids in the junction's normal metal layer, 

anomalous low field magneto-response behavior in hexagonal arrays and the first observation of 

vortex-anti-vortex creation and unbinding in site disordered square lattice arrays.   A synopsis of 

our experimental results is given below describing 1). the transport measurements in square 

lattice, hexagonal and serial arrays, 2). the low frequency noise measurements in square lattice and 

serial arrays, and finally 3). the transport measurements for the site disordered arrays. 

\ 

Transport Measurements in Square, Hexagonal and Serial Arrays 

In looking at the transport properties of junction arrays, it is important to be able to 

separate single junction effects from array effects from geometrical effects. In part, this is 

important because as the global phase coherence of the system is weakened, due to increasing 
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temperature or bias current, sections comprised of one or more junctions will probably behave 

differently. In addition, differences in array geometry and junction parameters such as electrode 

shape between the square lattice arrays, hexagonal array and serial arrays, make direct comparison 

of transport data more complex and furthermore complicates the extraction of Ic and R for these 

arrays.   In the case of normal state resistance, R, this difference could be accounted for, to a high 

degree of precision, by taking into account the known differences in electrode and counter- 

electrode size and shape. However, in the case of magnetic field response, where non-linear 

effects such as flux-focusing come into play, a quantitative comparison becomes more difficult. 

This is handled by comparing ratios of feature size, such as R or V(BZ) to the total signal. 

The resistive transition for square 9x9 arrays shows several distinct sections, see Figure 1. 

At the highest temperatures the curve is approximately linear with a resistance of 8.7 D. at 96 

Kelvin. As the temperature is reduced the resistance begins to drop more sharply with the first 

"knee" occurring around 91.6 Kelvin. At approximately 88.0 Kelvin there is a second knee where 

the drop in resistance begins a steeper drop before entering the "tail" section at around 87.0 

Kelvin. This tail slowly approaches, but does not reach, zero resistance as the temperature is 

lowered and coupling energy of the junction increases. This portion of the transition has a strong 

magnetic field dependence and low frequency noise response as discussed below. 

Of particular interest is the reason why the electrode and counter electrode have different 

superconducting transition temperatures. Because the electrode layer of YBCO is grown first and 

then covered by a STO insulating layer in preparation for etching of the ramp edge, we believe 

that degradation due to exposure to oxidizing agents or damage caused by processing of the 

counter electrode layer is unavoidable and responsible for these features. Tc measurements made 
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on bulk YBCO films show a Tc around 91.5 K, which is in agreement with the onset of the 

observed superconducting transition. 

The calculated junction resistance based on width, thickness and resistivity equals 0.045 

O. The calculation includes a value of the Co-doped YBCO normal layer resistivity equal to 295 

uH-cm at 96 K. This result for the junction resistance, however, is considerably lower than the 

value of 0.87 Q. extracted from IV characteristics shown in Figure 2. [The dynamic resistance 

(dV/dl) rises sharply but smoothly from the low resistance state to a peak, at Ic, and then 

diminishes toward the junction normal state resistance as shown in Figure 3.] This indicates that 

the resistivity of the Co-doped YBCO present in this array is an order of magnitude higher than 

that of other Co-doped YBCO films produced by the Northrop-Grumman group, or that the 

effective junction area is considerably smaller than the simple geometrical cross section. A 

correlation between junction edge angle and degraded junction characteristics such as R<A (A = 

junction area) products and the spread in Ic has also been observed by the Northrop-Grumman 

group. Measurements they made on junctions fabricated with edge angles of 11.5°, 14° and 30° 

showed R„A products of 51.5, 17.2 and 1.4 ft-urn2. The increased R„A products at the 

shallowest edge angles is attributed to incomplete edge coverage resulting in small voids along the 

electrode/normal YBCO and counter electrode/normal YBCO interfaces. These voids result in an 

increased R„A product and nonuniform conduction path. This suggests that the large junction R„ 

value which is observed is due to irregularities along the ramp edge. 

This latter hypothesis is also believed to the be correct for the following reason. For a 

junction of area A the critical current of the junction should vary with magnetic field B 

(perpendicular to this area), as1 a Fronhoffer type response in the applied flux / §0 flux quanta. 
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For an array of junctions with voids or other non-uniformities along each junction face, the total 

IC(B) response will be an envelope consisting of a sum of the individual responses. This sum 

response will show a broadening of each peak and incomplete modulation, in addition to 

irregularities and some degree of broken symmetry. This is what has been observed as shown in 

Figures 4 and 5. 

In contrast to the data for square lattice arrays, linear arrays display a considerably sharper 

resistive transition both in the upper knee and in the lower tail region, indicative of single junction 

like behavior: see Figures 6 and 7.   However, unlike 2D arrays, there exist several discernable 

peaks in the dynamic resistance which correspond to individual junctions, or groups of several 

junctions, entering the voltage state at different current values as shown in Figure 8.   By 

examining the difference in resistance between peaks, all ten junctions can be accounted for and 

this allows for the determination of the spread in Ic. We measure a spread in the critical current of 

individual junctions within the linear array from 0.76 to 1.33 mA, resulting in a standard 

deviation, a, equal to 23%. This degree of deviation is similar to that of single 3 u.m wide 

junctions fabricated and characterized by the Northrop group. In addition, we observe evidence 

of a linear tail in the IV characteristics indicative of a resistive shunt in the linear arrays: see 

Figure 9. 

The central tip of the magneto-response data is much broader and the degree of 

modulation considerably less complete than that of the 2D array as shown in Figure 10. This 

incompleteness of modulation is not unexpected given that the spread in Ic is 23%. 

The hexagonal lattice array is made up of 1.5 urn wide junctions arranged in hexagonal 

plaquettes 8 urn on a side. Unit cells of the array are made up of Y-shaped electrodes with 4 urn 
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wide arms and Y-shaped counter electrodes with 1.5 urn wide arms. There are three junctions in 

each unit cell. In the direction of the applied current, the junction at the base of each Y is in series 

with the two junctions at the top of each Y. The current passing through the base junction must 

equal the sum of the currents in the two upper arm junctions. 

In an array of identical junctions, the current in the base junction will split equally 

between the two upper arm junctions. As the bias current is increased, the base junction of each 

cell will enter the non-linear transition regime before the two upper arm junctions. As the current 

increases further and the base junction nears and passes its dynamic resistance peak, the upper 

arm junctions are just entering the non-linear regime. Finally, as the dynamic resistance of the 

base junction drops toward its normal resistance value, the upper-arm junctions are passing 

through their dynamic resistance peak. Because the base and upper-arm junctions are in series, 

the observed transition is a superposition of the base junction transition and upper-arm junction 

transition. Thus, the non-linear transition region occurs over a broader range of current in 

hexagonal array than in square lattice: see Figure 11. In addition, the resistive transition in zero 

magnetic field of an hexagonal array shows several distinct regions that correspond to these two" 

types" of junctions: refer to Figures 12 and 13. 

There is a large degree of symmetry in the Fronhoffer magneto-response of the hexagonal 

arrays. The secondary lobes are better developed than those observed for square lattice arrays, 

although the central minimum is less pronounced as shown in Figures 14 and 15. 

However, examination of the magneto-response of hexagonal arrays near Bz = 0 fails to 

show an observable response as a function of array frustration f The reason for this is quite 

puzzling and is not known at this time. [Magneto-oscillations have been observed in hexagonal 
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LTS SNS junction arrays] We are presently investigating whether this lack of magneto- 

oscillation (as observed in the square lattice arrays) is possibly related to the pairing state 

symmetry of the underlying HTS films, In the hexagonal array, the junctions that make up the 

upper part of the Y are at a 60° ( 30°) with respect to the a (b) crystallographic axes, while the 

junction that make up the tail of the Y are along (or perpendicular) to the a (b) axes. This 

difference could dramatically effect the ability of the array to form a commensurate flux lattice. 

The results of these experiments are currently be written up for publication. 

Low Frequency Noise Measurements 

Noise measurements were made on 9x9 square lattice array and 10 junction serial array at 

frequencies below 50 Hz.. These measurements were motivated by numerical studies '' and 

recent experimental studies5'6'7 which report anomalously low vortex mobilities in Josephson 

junction arrays. These sluggish vortex mobilities are in conflict with expected values based on the 

Drude model of a two dimensional gas of free vortices8. As described by this model, the 

conductivity of free and independent vortices is proportional to the vortex density and 

independent of frequency910. This yields a characteristic time scale for free vortex diffusion of 

less than 10"5 seconds; a characteristic time value which is not in agreement with the noise voltage 

measurements described 

The power spectral density (PSD) of the noise voltage across a 9x9 array, taken in zero 

magnetic field, shows a pronounced peak around 86K as shown in Figure 16. It is interesting to 

note that no difference in the PSD was observed even when the bias current was reduced to zero. 

This suggests that the mechanism responsible for these noise spectra does not correlate with a 
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macroscopic current. In particular, if vortex dynamics are responsible for the observed levels of 

noise voltage, they are not due to a macroscopic Lorentz force. Comparing the PSD response to 

the resistive transition, it is apparent that peak activity in the observed PSD response corresponds 

to the foot region of the resistive transition. In this region, phase coherence across the junctions 

is established as the temperature is reduced below 87 Kelvin and thermally assisted flux-flow 

resistance is believed to be responsible for the behavior which is observed. 

In contrast to the increased PSD activity shown by a square array, the PSD response of a 

10 junction serial array is nearly flat over the same frequency range, and shows no significant 

temperature dependence: see Figure 17. 

The striking difference between the response of serial array and 9x9 array, in this 

frequency range, suggests that vortex dynamics are responsible for the observed difference. 

To probe this hypothesis, the PSD of a 9x9 array was measured at values of transverse 

magnetic field corresponding to values of array frustration,/, equal to 0, 1/2 and 1.   As the 

applied magnetic field is increased from an integer value of/to an irrational value of/, the DC 

voltage increases as the vortex lattice becomes increasingly incommensurate with the junction 

lattice. In these arrays, a local maximum in the DC voltage is observed at/= 1/2 and the voltage 

begins to decrease as/approaches 1: see Figure 18. 

The PSD's at f = 0 and f = 1 are similar in amplitude and form. However, the PSD at/= 

1/2 is suppressed by about approximately 40% between 0.625 and 10 Hz. Suppression of the 

noise voltage at/= l/2is possibly caused by an increase in the pinning energy which a vortex 

lattice is known to experience when the array is frustrated at/= 1/211. 

The present level of understanding of the anomalously slow vortex behavior implied by 
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this data precludes a clear description of the microscopic mechanism which is responsible. 

However, several possible explanations have been suggested, all of which warrant further 

investigation. Diffusion in disordered systems and systems with finite size effects has not been 

found to agree with classical predictions and these systems can exhibit anomalous transport 

properties.12'13,14   Coupling of vortices with spin-wave excitations present in an array has been 

studied numerically and has been proposed as a source of low frequency dissipation in a 2D 

superconducting system.15 Calculations of dynamic impedance made using Mori's formalism for a 

screened Coulomb gas16 suggests that vortex pairs experience a velocity-dependent viscosity 

coefficient which decreases with increasing velocity. This leads to a prediction of sluggish (not 

Drude-like) vortex mobility at low frequencies.1 

The preliminary investigation of low frequency noise voltage described in this section 

suggests that further temperature and magnetic field studies be made. In particular, a study of 

noise voltage in arrays with different pinning energies and different numbers of junctions. This 

might be accomplished by comparing noise spectra from square lattice and triangular lattice arrays 

or studying spectra from square lattice arrays of various sizes and aspect ratios, such that the 

effect of edge pinning is varied. Additionally, a study of bias current dependence would help to 

build a clearer understanding of the nature this low frequency behavior. The results of these 

experiments are also being written up for publication. 

Site-disordered Square Lattice Arrays 

In the site disordered 9x9 arrays, there are two large and two small defects which are 

located symmetrically about a diagonal connecting the upper-left and lower-right corners as 
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shown in Figure 19. The two large defects are identical in size, as are the two small defects. In 

the direction of the macroscopic current, there are six rows with two junctions missing and two 

rows with four junctions missing. 

These disordered arrays show discernable structure between the knee and the low voltage 

ohmic region, due to the redistribution of current (ie. vortices) around the vacancies: see Figure 

20. As the current density increases, vortices form and de-pin in a cascading sequence first from 

the defects and then from adjacent plaquettes. These de-pinned vortices cause voltage drops as 

they are driven across the array by the Lorentz force as shown in Figure 21. These are the first 

observations of vortex formation and unbinding in site disordered arrays. We are extending these 

measurements to include observation of the high frequency response of these site disordered and 

are investigating the potential of using such arrays as infrared detectors. These results will be 

published once the high frequency measurements are completed. 
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