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A thin-filmplanardcSuperconductingQUantum InterferenceDevice(SQUID)isa

verysensitivedetectorofchangesinmagneticfield,butnoiseconsiderationsrequirethatit

havea smallpick-uparea,andconsequentlya relativelypoorintrinsicsensitivityto

magneticfields.To enhancetheSQUID'sfieldsensitivity,oneinvariablycouplesittoa

fluxtransformer,aclosedsuperconductingcircuitconsistingofapickuploop,towhicha

signalisapplied,connectedinseriestoaninputcoil,whichisinductivelycoupledtothe

SQUID.

To fabricate an optimal flux transformer, one whose input coil has multiple mms,

one must use more than one superconducting thin-film layer, each of which is patterned

into narrow strips or wires. In some places, it is necessary that wires from different layers

cross, yet remain electrically isolated, to form crossovers, while in other places there must

be superconducting contact between wires from different layers. Together, the

superconducting wire, the superconducting - superconducting contact and the

superconducting crossover constitute a superconducting interconnect or multilayer wiring

technology that is an essential part of a complete superconducting microelectronics

. technology.
l

We discuss the development of an interconnect technology involving the high
I

transition temperature (Tc) superconductor YBa2Cu307.x (YBCO). Because of the

overiding need for epitaxial growth of YBCO thin films, there are strict limitations placed

on the materials available for use in the insulating layer that separates the YBCO films in

multilayer structures, and on the deposition and patterning techniques used to fabricate



them. We discuss the use of pulsed laser deposition in conjunction with patterning by

shadow masks and later by photolithography to produce interconnects, multiturn input

coils, and flux transformers.

We also discuss the performance of SQUID magnetometers, in which a flux B

transformer fabricated on one substrate is coupled to a SQUID fabricated on another. Our

fast magnetometers were hybrids - high Tc transformers coupled to low Tc SQUIDs, while

later ones had both high Tc transformers and SQUIDs and could operate immersed in

liquid nitrogen. We report on a magnetometer with a magnetic field sensitivity at 1Hz of

about 2pTHz-1/2 at 77K, that was successfully used to perform magnetocardiograms on

human subjects.
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Chapter I

Introduction

1.1 Overview:

The discovery of materials with superconducting transition temperatures (Tc)

higher than the boiling point of liquid nitrogen 1"3 has aroused considerable interest in

practical applications. One such area involves thin-film superconducting microelectronic

circuits which operate at 77K Although the development of such a microelectronic

technology has been challenged by some of the physical characteristics of the high-Tc

materials, very substantial progress has been made.

There was much progress in the quality of high Tc superconducting thin films,

especially of YBa2Cu3OT.x (YBCO), soon after the discovery of the high Tc materials in

1987. By the summer of 1988, epitaxial thin films of YBCO were being deposited/n

situ, by laser deposition 4. The f'tlms had high critical currents (Jc) and high transition

temperatures.

There were also reports by many groups working on weak link and grain

boundary junetionsS, that would play the same role as conventional tunnel junctions in

low Tc superconducting microelectronics. What was lacking, however, were any reports

" of interconnects or multlayer wiring, which are an essential component of

superconducting microelectronics.

Having been involved in low Tc SQUID (Superconducting QUantum Interference

Device) magnetometers for years, it was quite natural for our group to continue its

interests in such devices when high Tc materials became available. Low Tc SQUIDs are

the most sensitive detectors of rr_.gnetic flux, but their need to be cooled by liquid
k,
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helium can prove quite cumbersome. High Tc SQUIDs, operating in liquid nitrogen,

could have increased applications in such fields as biornagnetism and geophysics, given

sufficient sensitivity:

In order to increase their effective pick-up area and thereby enhance their ,

magnetic field sensitivity, SQUIDs are coupled to flux transformers. We recognized

that the need for a flux transformer is even more pressing for thin-film high-Tc

SQUIDs 6 operated at 77K, where noise considerations require the inductance and hence

the pickup area to be smaller than for low-Tc SQUIDs. This motivated us to pursue our

research on crossovers and superconductor- superconductor contacts, the key circuit

components needed for both interconnects and flux transformers.

We describe the investigation and development of superconducting

microelectronic interconnect technologies based on YBa2Cu3OT.x (YBCO) and their

application to flux transformers. We have used this technology to produce sensitive

SQUID magnetometers which owrate at 77K and above.

!...2 Superconducting Microelectronics

Almost aU thin-film superconducting circuits of technological interest are

constructed from just a few fundamental components. Fig. 1.1 shows the

superconducting wire, the normal metal wire, the superconducting-superconducting

contact, the superconducting-normal metal contact, the superconducting crossover, and

the normal metal crossover. The Josephson junction or superconducting weak-link,

which can take on many different configurations, is not pictured.

(1) wires

Superconducting or normal metal thin films are patterned into strips.



(a) (b) (c) (d) (e) (f)

nd
D I ,, I

Fig. 1.1 Schematic of superconducting microelectronic circuit
components: (a) superconducting (sc) wire, (b) normal metal
(nm) wire, (c) sc - sc contact and sc - sc window contact, (d)
nm- sc contact and nm - sc window contact, (e) sc - sc

" crossover, (f) mn - sc crossover.
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(2) superconductor-superconductorcontacts

Thin film wires from two different superconductingfilms make

superconductingcontact to each other. In the window contact,the

conducting films make contact through a hole patterned into an

insulating film, that otherwise islolates them physically and
q,

electrically.

(3) superconductor- normalmetalcontacts

Metal films are deposited onto the superconductingwires and

patternedto form electrical contacts. In the window contact, the

conducting films make contact through a hole patternedinto an

insulating film, that otherwise isolates them physically and

electrically.

(4) crossovers

Conducting wires from two different conducting films are

physically separated by an intervening insulating film. This

allows the wires to cross yet remain electricallyisolated.

.a

(5) Josephson Junctions

In low Tc microelectronics, the usual configuration has two
B

superconductinglayers separated by a thin insulating tunnel

barrier. In high Tc microelctronics,grain boundariescan provide o

the weak link.

In order to constructan active superconductingdevice, it is necessaryto include

one or more superconductingweak linksor junctions. While an individualjunction is a
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two terminaldevice, threeterminaldevices withpower gain areessential for many kinds

of circuits. These can be constructedfrom weak links by connecting two in parallel,as

in the dc SQUID. In this configuration,the critical current is an extremely sensitive

, function of applied magnetic field, which can be generatedby supplyingcurrentto a

smallthin-film coil which is placed next to thejunctions.

Thin-film superconductingwires are used for conveying electrical signals with

low loss. This loss is smaller at lower frequencies, and vanishes at zero frequency.

Thin-film normal metal wires are used to construct resistors or dissipative elements.

The superconducting-superconducting contact is used for connecting one

superconducting layer to another. When using photolithographic patterning, it is

customary to fabricate window contacts or vias. The superconducting-normalmetal

contact is needed to connect superconducting wires to normal wires. Crossovers

become necessary when severalcomponents must be interconnectedand the connecting

lines must not electrically short together. Ordinarypassive circuit components such as

resistors,inductors, capacitors,and transmissionlines can be formed from combinations

of superconductingwires, normal wires, contacts, and crossovers.

Together, the superconductingwire, the superconducting-superconductingcontact

and the superconductingcrossover constitute a superconducting interconnector multi-

layer wiring technology. Interconnecttechnologies are of interest for a number of

reasons. First, a superconductinginterconnect technology is an essential part of a

complete superconducting microelectronic technology. Second, an interconnect

technology by itself can be used in a variety of applications: constructingentirely

passive circuits, connecting together normalcircuit elements with low loss transmission

lines, or distributingpower to a circuit. F'mally,many of the materials and processing

problemsfaced in developing a complete microelectronics technology can be addressed

in this simplersystem.
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1.3 SQUIDs

The dc SuperconductingQUantum InterferenceDevice (SQUID) can be a very

sensitive detector of changes in magnetic flux, and is widely used as a sensor of

magnetic field or magnetic field gradient.7 Only a briefdescriptionof a dc SQUID and

ideas pertinentto thedesign of an optimumhigh Tc SQUID will be provided here.

A dc SQUID consists of two junctions connected in parallel on a

superconductingloop of inductanceL as in Fig. 1.2(a). If the junctions are hysteretic,

they must be resistively shunted to remove this hysteresis. Fig. 1.2(b) shows that the

critical current of the SQUID is modulated by magnetic flux • threading the SQUID

loop, with maximum critical current occuring when • = nOo and minimum critical

currentoccuring when • = (n+l/2)Oo, wheren is anintegerand Oo is the flux quantum.

If the SQUID is currentbiased at a value exceeding its critical current,2Io the voltage

across the SQUID oscillates with period Oo as • is increased, as shown in Fig. 1.2(c).

The SQUID is generally operated on a steep partof the V - • curve, in a feedback

circuit as a null detectorof magnetic flux.

To optimize the design of a SQUID, there are certain conditions that must be

met. The first places an upper bound on the inductance of the SQUID. By

equipartitionof energy, the flux noise energyequals kT/2:

(_2)/2L = kT/2 (1.3.1)

where k is the Boluznanconstantand T is the temperature.

In orderthat the noise not overpower the signal, we must have that:

kT/2 << _o2/4L. (1.3.2)

Thus at 77K we requirethat:

L << 940pH. (1.3.3)
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The second condition places a lower bound on the critical current of each

junction. In order to have phase coherence across the junctions, the coupling energy,

Io*o/2X, must be much larger than kT:

Ic*o/2Z >> kT. (1.3.4) .

Thus at 77K we require that:
-,m

lc >> 3.3 vA. (1.3.5)

Finally, the noise energy is minimized when the screening parameter, 13

j3 = 2LIc/*o = 1, (1.3.6)

which we can rewrite as:

Lie= *0/2 = 10"15 Wb. (1.3.7)

Ali three conditions can be met with:

I = 10la& (1.3.8)

L = 100pH. (1.3.9)

To achieve a satisfactory value of L, one must make the SQUID washer smaller

for high "le SQUIDs than for low "re SQUIDs. Thus, the effective pick-up area of high

Tc SQUIDs is smaller, and although the flux sensitivity remains high, the magnetic field

sensitivity is reduced and the need for a flux transformer is increased.

1.4 Flux Transformers

Because most thin-f'tlm planar SQUIDs have small pickup areas, their intrinsic

sensitivity to magnetic field is relatively poor, and one almost invariably couples

SQUIDs to a superconducting flux transformer 8 to achieve the desired field sensitivity.

A flux transformer is a closed superconducting circuit consisting of a pickup loop, to

which the signal is applied, in series with a multitum input coil, which is inductively

coupled to the SQUID.



I M

Li L

Lp

e

Fig. 1.3 Schematic showing flux transformer coupled to a dc
SQUID. The transformer has pickup coil inductance Lp

" and input coil inductance Li. A flux Oais applied and
induces a screening current I. With mutual inductance
M, a flux _ is coupled to the SQUID with inductance L.
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Consider a flux transformer with pick-up coil inductance Lp and input coil

inductance Li, that is coupled to a SQUID as shown in Fig. 1.3. A flux q)a is applied

to the flux transformer that induces a current I to flow through it. Since a

superconducting loop conserves flux,we must have: 0

¢'a= I(ta,+ (1.a.1)
w

The flux transformer couples a flux, O, to the SQUID,

(1)---MI, (1.4.2)

where M is the mutual inductance between the flux transformer and the SQUID. By

defining a coupling constant a such that,

M = cx(I._)It2 (1.4.3)

we can express ¢ as

= BApcz(LL01/2/(Lp + Li), (1.4.4)

since we can write

Oa = BAp (1.4.5)

whereAp istheareaofthepick-upcoil.Fora givenAp andLp,_ ismaximizedwhen

thetransformeriswellcoupled

(x= 1 (1.4.6)

andtheinductancesarematched.

Li= Lp. (1.4.7)

Inordertomatchinductances,theinputcoilmustbe multiturn,sinceitsareais

much smallerthantheareaofthepick-upcoil.Thisnecessitatestheuseofatleasttwo

superconductinglayers.One mustbe abletofabricateinterconnectstoconstructsucha

fluxtransformer.
v

Iftheinductancesarematched,we canwrite:

= BApo__)I/2. (1.4.8)

The designofanoptimumfluxtransformerinvolvesa few simpleconsiderations:
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(i) The magnetic field response increases as the area of the pickup coil increases.

(ii) The pickup coil should have the smallest possible inductance, Lp, for its

area.

, (iii) The input coil should have approximately the same overall size and shape as

the SQUID in order to bc efficiently coupled to it.

We note that ff one is to obtain substantial gain in magnetic field response, the area of

the pickup loop should bc much greater than that of the SQUID.

We can define the gain of the flux transformer as the ratio of the flux coupled

to the SQUID with and without the flux trmlsformcr. The flux the barc SQUID sees is,

_So _AB (1.4.9)

where _ is the flux focusing factor of the SQUID washer and A is the area of the center

hole. So the gain is:

G = _/_)So = cx(Ap/2TIA)CHLp)I/2. (1.4.10)

Using the values Lp ffi 20n, (x = 0.6, L = 100pH, Ap ffi I00 mm2, A = 0.002 mm2,

Tl= 6, which arc typical for high Tc SQUIDs and flux transformers,we obtain:

G = 175. (1.4.11)

It is clear that flux transformers can enhance the field sensitivity of high Tc SQUIDs

quitedramatically.
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,C,hapter 2

High Tc Superconducting Microelectronic Circuit Concepts
11

2.1 General Construction Principles aridRcquirement_

The difficulties that one encounters in using high-Tc materials depend stronglyon

the particular application, For example, to fabricate magnet wire, one wishes to obtain a

strong and flexible wire which can carry a large current in a ,high magnetic field. The

problems encountered are quite different from, say, the growth of very pure samples for

research purposes or the construction of thin-film electrical circuits ft-ore high-Tc materials.

For the construction of circuits, these difficulties divide into three highly interdependent

areas: circuit-related factors, materials-related factors, and processing-related factors.

2.1.1 Circuit-Related Factors

As discussed in Ch. 1, a complete superconducting microelectronics technology

requires the development of just a few key components. Since it is essential that ali of the

components be built on the same chip, it is required that a technique or process used for the

construction of one component not prevent the construction, or lead to the destruction, of
|

some other component. In addition, to provide flexibility and generality in design, a

technology should allow the components to be placed anywhere on a substrate. Together,

these conditions mean that the technology should allow the construction of circuits with an

arbitrary placement and combination of components: this is the requirement of extendibility.

The physical size of a component is an important parameter which affects the

electrical characteristics and performance of the circuit, for example, the speed, electrical
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impedanceandcurrentcarryingcapacity. As a result,realcircuitstypically use a ra_geof

feature sizes to achieve the desired characteristics; when the number of individual

components is large, it is generally advantageous to shrink the size of each so that the

q overaEcircuit does notbecome too large. Thus, a useful technology should allow one to

scale the componentsize over a large range. Additionally,the components mustgenerally

be connectedtogether. Since microelectroniccircuitsare built on one surfaceof a chip,to

connect togethera numberof components, it is generallynecessary to use more than one

wiringlayer. We thus_quire the technology to allow wiringto be made between any two

conductinglayers.

Circuits whichrequirea large numberof components are common in many digital

applications. The main difficulty associated with such circuits is not the number of

components, per se, but that they must ali have nearly identical parameters. In such

circuits, the reproducibilityand reliability of the components often become the limiting

factors. The reproducibilityfrom one chipto the next affects theyield of a process,so that

both the on-chipandchip-to-chipreproducibilityareof greatimportancefor thecommercial

viabilityof a technology.

Finally, the superconductingwires must be capableof canting an acceptablelevel

of supercurrent.Fora given film thickness andrequiredcurrent,the criticalcurrentdensity

of the film determinesthe minimumlinewidth thatcan be used. To constructcircuitswith

very small line widths or high currentcarryingcapacity, it is essential to use films with a

largecriticalcurrentdensity.

2.1.2 Processing-RelatedFactors

The construction of multilayer circuits differs substantially from the task of

depositing multiplelayersof films, largely because in a typical circuit each layer mustbe

patternedindividually.Thusone cannotgenerallybuilda circuitwith a single patterningof
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a multilayer stack of unpatterned films. By processing-related factors, we mean those

difficulties which arise from the individual patterning of each layer.

One can pattern a film in five distinct ways:

(i) By controlling where the material lands during deposition, for example, with P

shadow masks 1 as will be discussed in See. 2.2.3.

(ii) By using a liftoff procedure. This involves first depositing and patterning a

layer of material which will act as a stencil layer. One then deposits the film and dissolves

away the stencil, leaving film at places where the stencil was removed during patterning. A

CaO2 stencil layer, which is soluble in water, has recently been developed to allow liftoff

patterning of YBCO. 2

(iii) By etching away material after it has beelt deposited. This is the most highly

developed patterning technique, and a wide range of techniques are available for etching

YBCO, including selective chemical etching,3 non-selective chemical etching, 4 reactive ion

beam etching, 5 focused ion beam etching,6 and laser patterning. 7 Focused ion-beam

etching and non-selective chemical etching using weak solutions of HNO3 have been most

widely used to pattern YBCO. Selective chemical etches have recently been used for

YBCO and SrTiO3, and also for gold on YBCO. 8 On the other hand, laser patterning is

unlikely to be of general use for forming multilayer circuits. Not only is underlying

material damaged, but the etched material is expelled onto neighboring regions where it can

interfere with the deposition of subsequent layers. We will discuss the use of non-selective

chemical etching and ion beam etching techniques, in combination with photolithography,

to pattern YBCO films in Ch. 8.

(iv) By implanting material into a deposited layer. While patterning by implantation _

is used widely for the growth of semiconductor structures, because relatively small doping

levels can produce large changes in the conductivity, it has been used infrequently for

superconductors. Although the high-Tc superconductors have much lower carrier densities

than ordinary metals, compared to a semiconductors they still require much higher doping
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concentrationto producea significantchangein theconductingproperties.Also, since the

dopantworks by "poisoning" the YBCO to forman insulating layer, it is importantthat a

dopantnot diffuse into adjacentsuperconductinglayers,or preventthe epitaxialgrowthof.

• upperlayers.

(v) By damagingthe crystalstructureor stochiometry. This approachis possible

because, unlike an ordinarymetal, the high-Tcmaterialsare insulatingin the amorphous

state. Damage has been inducedby using an ion beam9to createdisorder. One can also

remove O2 from the film selectively, thus turningportions into insulators. Unfortunately,

becausethe resistivity depends sensitivelyon the oxygen content, this form of damageis

readily reversed by a high temperatureprocess,andthus can only be used in a final layer.

One can patternby damagingthe crystalstructureof an underlyinglayeror by depositing

and patterning a buffer layer underneatha YBCO film. Either the buffer layer or the

substratedoes not supporttheepitaxialgrowthof a high-Tc materialdepositedon top.10,I1

Patterningby damage leaves behinda non-crystaUinelayer which generallycannotsupport

theepitaxialgrowthof an upperlayer. A damagedlayer will probablyalso exhibita higher

_ateof interdiffusionwithadjacentlayers.

lt should be noted that patterning by implantation and damage tend to leave a

planarized circuit. Fora multilayersystem, thiswould be distinctly advantageous ff the

otherdifficultiescan beovercome.

One of the most importantfactors in the patterningof individuallayersby thefirst

threetechniquesis theproductionof edges thatwill generallyneedto supportthegrovahof
e_

subsequentlayers. For the upperfilms to be continuous,it is importantthat their growth

not be disordered at such edges. Where high currentcm'_g capacity is required,it is

importantthatunderlyingedges do not lead to high angle grainboundariesin an overlying

superconductingmaterial. Thus, one desiresepitaxial growthover edges as well as over

flat surfaces.
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Resist-basedpatterningconsists of two distinctsteps: (1) a def'mitionstepwherethe

patternis wansferredto the resist, and (2) an etching (or liftoff) step where material is

removed and the patternis transferredto the material This separationof the patterning

procedureintotwo stepsallows one to use anetchantwhich is best suitedfor the structure

or material at hand. There area numberof constraintsaffecting the choice of an etching

technique. First, it is importantto use techniqueswhich limit the etching to individual

layers, that is, chemicallyselective etches or timedetches. Second,it is importantthatthe

etchingprocedurenotdamageunetchedmaterialsor leavebehinddamagedsurfacematerial

or residue which will tendto prevent epitaxy in subsequentlayers. Thus the etch must

containonly materialswhicharechemicallycompatiblewithlayersit contacts. Inpractice,

this constraintcan be relaxedif an appropriatecleaningstepis employed afteran etch to

removeanydamagedmaterialor residue.

The constructionof multilayerstructuresrequiresthat the surfaceof each layerbeof

high integrityto allow growthof subsequentlayers. Conductinglayers shouldbe free of

dirt, deposited particles, or growths which might prevent the epitaxy of overlying

insulating layers and produce shorts. Similarly, insulating layers should be free of

pinholesor cracksthatcauseshortingbetweenlayers.

2.1.3 Materials-RelatedFactors

Although there are only three components in an interconnect technology, the

physicalpropertiesof the high-Tcmaterials impose a numberof strong constraints. Some

of these factors arise from the chemical interactions between the high-Tc materials, the

subswateandinsulatinglayers. Others arisefromthe growthbehaviorof the layers as they

arcdepositedon an underlyingsubstrateor layer.

For the superconductinglayers to ahieve a high-Tc,they must have the correct

crystallinestructure.Inaddition,for a film to havea substantialcritical currentdensitythe
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microcrystaliine structure should be frcc of high angle grain boundaries. An exception is

the twin-boundary, which has little afffect on the critical current density. Thus each layer

must be cpitaxially matched to any layer which it grows on. Furthermore, this epitaxial

, relationship should be maintained up to the highest deposition temperature encountered so

that the insulator or lower superconducting layer does not tend to recrystallizc and disrupt

growth.

Because the high-Tc materials arc composed of planes which are only weakly-

coupled together, the superconducting properties are highly anisotropic. In particular, the

current carrying capacity is greatest in the direction parallel to the a-b plane, implying that

interconnects should be made from c-axis oriented films. The use of a-axis films would

produce a large anisotropy in the substrate plane, which would be undesirable in most

circuits. It should also be noted that while extended defects such as grain boundaries are

detrimental to the current carrying capacity of a film, point defects act as pinning sites for

flux vortices and produce a high critical currentdensity.

The superconducting properties of a material are a function of the temperature, T.

In particular, as T increases towards Tc, the critical current density, Jo decreases while the

surface resistance and penetration depth increase. The currentcarryingcapacity of a wire is

determined by Jc, while the penetration depth affects the inductance. Thus to maintain a

reasonably high value of Jc and to prevent temperature variations producing too large of a

variation in parameters, one prefers to operate circuits well below Tc.

Each film in a multilayer must be chemically compatible with adjacent films so that
b

unfavorable reaction produc_ or phases are not formed. This chemical compatibility must

exist at temperatures as high as needed to deposit the layers, typically 750°C. It is also

important that elements from one layer do not diffuse into and damageother layers. A lack

of crystallinity or the presence of grain boundaries can lead to substantial increases in the

interdiffusion of layers and the rate at which a film is attacked by chemicals. Thus it is

imp_zm that films be of high crystalline quality as judged by x-ray or channeling
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measurements. Such films are also merc resistant to degradation by water or other

chemicals used in processing. Because interdiffusion increases rapidly with temperature

and lattice defect density, it is probably essential to use "in situ" processes in which films

crystaliz¢ as they are deposited. In situ f'flmsdo not require annealing after deposition and

are genially deposited at temperatures substantiallylower than those requireA to anneal the

film; for an in situ process, growth proceeds by the arrangement of the deposited atoms on

the oriented surface of the film, rather than the rearrangement of atoms in the bulk of a

disordered f'flm.

Because the layers must undergo substantial temperature changes after deposition,

each layer must have a thermal expansion coefficient, ai, which is compatible with that of

the substrate, as. A substrate with a smaller thermal expansion coefficient puts tensile

stress on a film as it cools following a deposition, tending to produce cracking in the

f'flm.12 This is detrimental to insulating layers where it produces electrical shorts, and to

conducting layers where it produces open lines.

At typical deposition temperatures, oxygen rapidly diffuses through the high-Tc

materials. In order to achieve a high Tc, the film must have the correct oxygen

stochiometry by the time the sample cools to room temperature. For example, at 760 Torr

of oxygen, significant oxygen re-incorporation occurs in YBCO at around 450°C. It is

important that any insulating layer which is deposited over a high=Tcf'dmhave a substantial

diffusion coefficient for O2 in the appropriate temperature range. Fortunately, re-

oxygenation is often not a very serious constraint. Thin-t=flms are geometrically poor

diffusion barriers, so that even a modest diffusion coefficient should suffice. Furthermore,

MgO and perovskites such as SrTiO3 have sufficient oxygen permeability.

It is essential that the insulating layers have acceptable electrical properties, in

particular, a high resistivity at 77K. As a rough guide, the resistivity should be at least

10611cre; yielding a resistance of 21_ between two Ixlmm 2 films separated by a 200nm

thick trim. Also, the dielectric constant of the insulation layer provides a limit to the
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maximumfrequencyat which a circuit can operate. For low frequency applications,the

dielectricconstant is generally not important,but for microwave applications,dielectric

constantsand losses in the insulation layer and substratemust be kept small. Typically,

, one would like a dielectric constantof less than 10 anda loss tangentof less than 0.001 at

thefrequencyof interest.

2.2 Selectionof Materials.DepositionTechnique.andPatterningTechniqu¢

2.2.1 Selectionof Materials

Of the high-Tc superconductors, only YBCO has so far been developed for

interconnect applications. The reasons for this are numerous, and we list the most

importanL First, the physical propertiesof YBCOarenow well-known, providinga good

basis for selecting compatible materials and processes. Fortunately, there are many

insulatingmaterials that can be used for multilayer structures. Second, there arenow

availablea wide variety of deposition techniquesfor single layer films, enablingone to

producerelatively smooth, crack-freethinfilms on a variety of substrates. Some of these

techniquescan produceexcellent quality in situ flfmf'dms. Third,crystalline YBCOis

relatively inert and, with proper care, films can withstand many resists and chemical

processes. Finally, the critical currentdensity can be as large as 107Acre-2 at77K, more

than adequatefor most applications.

Inprinciple, it shouldbe possibleto develop multilayer structuresfrom other high-

Tc materials. The second most promising candidate is Bi2Sr2CaCuO8+y (BSCCO)

although it is highly anisotropic and tends to form severaldifferent phases with different

superconductingproperties. The propertiesof single layerfilms will probablyneed to be

improved considerably before BSCCO can be incorporated into useful and reliable

multilayer structures. On the other hand, it appears that multilayer circuits using
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T12CaBa2Cu2Os+y (TCBCO) will be difficult to construct: TCBCO requires the

introduction of two volatile components, 02 and TI, and relatively high temperature

processing (900oC).

This choice of YBCO is not without its problems. One disadvantage, if one wishes '

to operate at 77K, is that the transition temperature is only 92K (or about 88K on MgO

substrates), so that one one needs to consider the reduction in Je, the increase in surface

resistance, and the effect of temperature variations on the circuit parameters.

There are a number of suitable substrates for growing YBCO, including SrTiO3,

MgO, YSZ, LaA103, LaGaO3, NdGaO3 and CeO2. Table 2.1 lists crystal structures,

lattice constants, thermal expansion coefficients, dielectric constants, and loss tangents for

YBCO and several insulators. Unfortunately, the a and b lattice constants of YBCO are not

equal, so that even materials which are closely lattice matched, such as (100) SrTiO3 and

(100) LaAIO3, will produce twinned regions. On the other hand, materials which are less

closely lattice matched, such as MgO and YSZ, can have additional epitaxial relationships,

and 45° angle grain boundaries are common. 13 The prevalence of one orientation over

another is a function of the temperature and deposition conditions.

Reffering to Table 2.1, we note that the thermal expansion coefficients of MgO and

SrTiO3 are only sightly larger than that of YBCO. This means that after cooling from a

high temperature deposition, YBCO films tend to be under compressive stress when grown

on these substrates, and cracking should not occur. On the other hand, YBCO has a larger

thermal expansion coefficient than silicon and sapphire, and hence there is a limit to the

thickness of films that can be grown on these materials without cracking. 12

We have mostly used MgO substrates because they are inexpensive and can be

obtained in suitable sizes (typically 12.5mmxl2.5mm), but they have some difficulties. In

addition to generating 45 ° angle grain boundaries in YBCO, the lattice mismatch also

depresses the transition temperature to 88K and generates defects. The surface is easily
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damaged by exposure to water vapor or by improper polishing techniques. A buffer layer

of SrTiO3 reduces lattice mismatch, improves the in-plane epitaxy, and allows the

patterning of YBCO layers by acid etch, but cannot overcome all the potential problems

. associated with this material.

Table 2.1. Parameters,of YBCO and compatible dielectrics. 14-17

thermal
lattice expansion dielectric loss

constant coefficient constant tangent
Materials structure (A) (10"6/°C) at 25oc (10 "4)

YBCO ortho- a=3.83 8.5 ......
rhombie b=3.89

c=11.7

SrTiO3 cubic 3.905 9.4 >300 >200
(1MHz)

MgO cubic 4.213 14 10 91
(1MHz)

YSZ cubic 5.147 11 27 54
(10GHz)

LaA103 cubic 3.792 9.8 15 5.8
(IMI-Iz)

LaGaO3 pseudo- a=3.888 9 25 18
cubic b=3.884 (1Ml-Iz)

c=3.888

NdGaO3 ortho- a=5.428 a: 12 25 18
rhombic b=5.493 b: 7

c=7.729 c: 6

Ce02 cubic 5.411 9.5 26 --

The choice of the superconductor and substrate restricts the choice of possible

insulators. It is highly desirable that the insulator can be deposited using the same

technique and at temperatures not significantly higher than those required to deposit YBCO.
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The obvious choices for insulators are those which are used for substrates. Laser

deposited SrTiO3 films are are of high quality when grown at deposition temperatures

similar to those used for YBCO. 1 Compared to laser deposited SrTiO3, laser deposited

MgO can be grown over a wide range of temperatures up to 200°C cooler, 18and LaAIO3

and NdGaO3 about 50°C higher. 19,15 Ali of these materials have a resistivity which is

high enough for most applications. In addition, variants of YBCO have also been used as

insulation layers, the most well known of these is PrBa2Cu307.x. 20 Unfortunately, these

materials tend to have a relatively high conductivity, so they arc probably unsuitable for

most circuit applications involving insulation between layers.

Of the insulators, we have devoted most of our work to SrTiO3 and CeO2. The

main drawback with SrTiO3 is the extremely large dielectric constant, approximately 103 in

films at 77K, which makes it unsuitable for rf applications. Since our work was devoted

primarily to low frequency applications and to proving feasibility, we did not consider this

to be an important issue initially. A number of other insulators with better dielectric

properties appear to be suitable, namely MgO, Yttrium Stabilized Zirconia CYSZ), LaAIO'3,

LaGaO3, NdGaO3, and CeO2. In Table 2.1, we have sumarized the dielectric constant and

loss tangents for these materials.

2.2.2 Selection of Deposition Technique

Many different techniques have been used to deposit thin films of high-'re materials.

From the general requirements discused above, we see that the best deposition process for

multilaycr structures should be capable of depositing epitaxial YBCO in situ, quickly, and

at a relatively low temperature. These attributes tend to minimize problems associated with

interdiffusion, thermal expansion and chemical interaction. The deposition of the insulating

layers should satisfy similar requirements.
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We havechosentousea KrF (248nm)pulsedexcimerlaserfordepositingboththe

superconductingandinsulatinglayers.We typicallydepositmaterialatabout50nraper

minute,althoughfarhigherrateshavebeendemonstratedbyWu ctal.21 We havefound

• thatlaserdepositioniswell-suitedtothedepositionofSrTiO3,MgO, YSZ and other

dielectricsaswellassilverforinsitunormalmetalcontacts22.As anaddedadvantage,the

targetsarestochiomctricand needno specialpreparationotherthanoccasionalsurface

conditioningasdiscussedbelow.

An additionaladvantageinlaserdepositingtheinsulationlayeristhatthefilmsare

relativelypinholefree,whereaspinholesseemtobeacommon problemininsulatingfilms

whichhavebeenspuRcredontoYBCO. We havefoundpinholeshortsinspuReredfilms

ofSrTiO3andMgO.23The originofpinholesinsputteredfilmsisapparentlynotknown

andmay dependonthematerial.However,itshouldbenotedthatthepinholesgenerally

onlybec_meapparentwhenonecompletesthemp contactwiththehigh-Tcmaterial.Our

own experienceisthatwhen thetoplayerisametalwhichhasbeendepositedina low

temperatureprocess,onedeesnotseeanypinholes.Thisresultsuggeststhat,atleastin

some cases,thepinholesopenupduringthehightemperaturedepositionofa toplayer.

Whileinprincipleitshouldbepossibletosputterpinhole-freefilms,thishasgenerallynot

beenthecase,andmercworkisneededonthisproblem,

Despitetheadvantagesofthelaser,therearesome significantlimitations;in

particular,itistime-consumingtodepositthicklayersofmaterialswhicharewansparentin

theulu'aviolet,suchasMgO. However,itispossibleinthecaseofMgO touseametallic

" Mg targetandwithsufficient02 inthechamber,togrowepimxialMgO.22 Conversely,it

shouldbe notedthatbothYBCO and SrTiO3aregood absorbersat248nm. Another

problemisthatthematerialistypicallydepositedoverarelativelysmallarea(usuallyabout

10to20mm on aside),andthereisconsiderablevariationinthicknessoverthisarea.The

uniformityandcoveragecanbeincreasedtosomeextentbyusinga higherfluence(laser

energydensitypcrpulse)onthemrgeL Anotherdrawbackoflaserdepositionisthatsmall
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particlesofYBCO areejectedfromthetargetanddepositedonthesample.We havefound

thatthisprocessisenhancedwhen thesurfaceofthetargetisrough,andcanbe

substantiallyreducedbypolishingthetarget.1We willhavemoretosayaboutthisinCh.

3. Additionally, it is importantthat the surface of the targetnot become so hot that melted

regions arc produced; these lead to the deposition of large drops of material. The target

surface is heated by both the laser and by radiation cmmited from the heater block. To

prevent melting, we use a water-cooledheat shield to block mostof the target surface from

theheaterradiation,androtatethetargetinawater-cooledmechanism.

2.2.3 Selection of PatterningTeehniouev

For the patterning of semiconductor circuits, photolithographic techniques are so

highly refined that it is inconceivable to use anything el_. However,for the preliminary

investigation of novel materials, we found that shadow mask techniques to b¢ very useful

and have several advantages over photolithographic techniques. First, it is simple to

construct masks for crossovers,wires, or other simple features, providedthey arc not too

small or too numerous. Second, the thin-film is never exposed to etching chemicals or

resists; if need be, the entire process can b¢ conducted in situ with the sample at high

temperature. Third, shadow masks produce deposited films with smooth and gently

sloping edge profiles, facilitating the crystalline growth of layers deposited subsequently

over these edges. Of course, shadow masks are non-extendable and cannot b¢ used to

make complicated circuitsor smallwindows which would requirean unsupportedmask.

In fact, for laser deposition, it is somewhat remarkable that one can use shadow

masks at all. During an in situ deposition, the ambient O"2limits the mean frcc path to

about 0.25mm so that if the thickness of the mask is great enough and its opening is

narrow enough, material wiUtend to b¢ deposited on the sidewalls of the mask opening

rather than on the substrate. We have found that materialdeposited undersuch conditions
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has severely degraded superconducting properties, thus limiting the minimum linewidth

achievablewithshadowmasks.The achievablelinewidthisalsolimitedbytheseparation

betweenthemask andthesubstratesurface.Ifthisseparationbecomescomparabletothe

, meanfreepath,significant scatteringoccursafterthematerialhaspassedthroughthemask,

andthelinewidthwillbelargerthanthemaskopening.By loweringthe02 pressure,and

thusincreasingthemean freepath,we canachievefreerlines,butdecreasingthepressure

substantiallybelow 150mTorr degradesthefdm,presumablybecauseofinsufficient

oxygenincorporation.By strikingaplasmaintheoxygen,we havefoundthatsufficient

02 isincorporatedandTcremainshighevenforan02 pressureaslow as35mTorr.ltis ....

likelythatlowerpressurescouldbeusedformorehighlyionizedplasmas.

We havemade masksinanumberofways.Forpatternsabout1mm widewe used

stainlesssteelfoil,cutwithscissors,orthinstainlesssteelsheet,patternedbymachining.

Thinfoilmaskstendtowarpathightemperaturegivingpoorlydefinededges.To pattern

structureswithfinerdetails,we usedphotolithographyandanisotropicetchingtoformSi

shadowmasks.24 We fwstcoatthewaferswitha200nm thicklayerofsiliconnitrideon

bothsides,spinon photoreisist,and exposeanddeveloptheresisttoformthedesired

pattern.The waferisthenetchedinHF toremovethenitridewhereitisnotcoveredwith

resist.We striptheresist,_xtduseaKOH solutiontoetchthroughtheSiwherethenitride

hasbeenremoved. The etchantisanisotropicandleavesthemask openingwith54.7°

beveledwalls,enablingustoovercomesomeofthedepositionproblemsassociatedwith

thickmasks.Inaddition,thesemasksarestifferandlieflatterthanthefoilmasksleading

" tobetterlinedefinition.
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Chapter 3

Pulsed Laser Deposition of Thin Films
ib

3.1 Laser deposition system

Pulsed laser deposition of films requires a laser, an optical imaging system, and a

vacuum system with a chamber, target and sample holder (Fig. 3.1). We use a Questek

2820 Excimer laser which is mounted on a rigid table, but not otherwise vibration isolated.

The laser operates on a mixture of Kr, F2, He and Ne (KrF), and generates a pulsed beam

with a wavelength of 248nm, pulse length (full width at half maximum) of 30nsec and

maximum energy of approximately 825mJ/pulse. By using an aperture, we produce a

uniform beam of dimensions 15mm x 6.7mm (100mm 2) and maximum energy of about

250mJ/pulse. During deposition, a monitor displays the total energy of each pulse, and

the laser has a mechanism for setting andregulating the total pulse energy to a desired level.

We use this mechanism to control the laser so that we obtain the desired energy through the

aperture, as determined by an external energy meter. The laser has a peak pulse rate of 15

pulses per second, and to deposi_ YBCO, we usually operate at 5 pulses per second,.

The purpose of the optical imaging system is to increase the fluence on the target to

2-4Jcm -2, depending upon the material being deposited. The imaging system consists of

two planar mirrors with reflective dielectric coatings and a single 0.15m focal length piano-

concave lens. The three optical elements are mounted on two parallel tracks which are

aligned with the laser beam and the vacuum chamber. The lens and mirrors are_positioned

so as to focus the image of the aperture to a 6mm 2 spot on the target,l accounting for the

45° angle of incidence of the laser beam with the target. The mirrors allow the object path

length to be adjusted without changing the physical separation between the aperture and the



Fig. 3.1 Laser deposition system showing laser,

Pyrometer, on top of chamber, looks down on h_
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vacuum chamber. The focal length of the lens is chosen to be compatible with our vacuum

chamber dimensions: to prevent damage to the quartzwindow it is important that the beam

passing throughit not be focused down too much.

The vacuum system consists of a stainless s_eel vacuum chamber p_ by an oil-

diffusion pump with a liquid nitrogen cold-trap. The base pressure is approximately

5x10 -7 Torr, but the chamber is typically pumped to about 3x10-6 Torr prior to deposition.

The system is roughed out with a mechanical pump which also has a liquid-nitrogen cold-

trap. The aluminum top plate, sealed with a Viton o-ring, has a large glass viewport,

positioned over the sample heater block, enabling us to monitor its temperature with an

infrared pyrometer. The sides of the chamber contain two quartz windows, one to allow

the laser beam in and the other for viewing the plume. There are electrical feedthroughs to

supply power to the heater and to the plate used to generate an 02 plasma, and mechanical

feedthroughs to operate the shutter and the target holder. There are also feedthroughs for a

thermocouple and pressure sensing devices. Mounted on the bottom of the chamber is an

ion gauge tube andfeedthroughs for 02 and H20.

The chamber contains a sample heater block, a water-cooled holder that rotates

targets, and a shutter (Fig. 3.2). The heater block is made from inconel and is heated by an

embedded resistive cartridge heater (Fig. 3.3). Except for its front face, the block is

surrounded by a stainless steel radiation shield which reflects heat back onto the block,

enabling higher temperature operation with lower power settings and reduced heating of

other components. A hole in the block, 2mm in diameter and 18mm deep, serves as a

blackbody source for monitoring the block temperature with an infrared pyrometer. We

also monitor and control the temperature in a feedback loop with a chromel-alumel

thermocouple lt is pressed into another hole that is symmetrically located and identical in

size to the one used for the pyrometer. The block is mounted on a linear motion

feedthrough which allows us to vary the target to substrate distance and thereby adjust the

position of the substrate in the plume. We typically position the face of the block 6Drum
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t

Fig. 3.2 Vacuum chamber containing6 targetexchanger, shutter,and heater

block with thermocouple in it. Hole in water-cooledplate allows laser

beam to strike target and plume to emerge.
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Fig. 3.3 Heater block with clip used to attach substrates. Holes in top used by pyrometer

and thermocouple to monitor temperature.
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from the target face. The block is readily detached from the feedthrough and removed from

the chamber, allowing us to mount or dismount samples easily.

To obtain a more uniform target wear, a longer target lifetime and fewer boulders in

• our YBCO films, we rotate the target 2 at a rate which is not commensurate with the pulse

rate, about 1Hz. We initially used a single target holder, and we had to break vacuum to

exchange targets in order to deposit multilayer structures with different materials. Our

current system holds six targets, each of which can be positioned for deposition and rotated

by means of feedthroughs, enabling us to grow multiple layer structures in situ - for

example, YBCO on a buffer layer. A water-cooled Cu plate in front of the target reduces

heating by radiation from the heater block. A 10x20mm2 hole in the plate allows the laser

beam to strike the target and the plume of ablated target material to emerge. We use a

shutter to cover the substrate to prevent material from being deposited while we clean the

target. During deposition, we regulate the 02 pressure at the desired value by means of an

automatic gas flow system.

3.2 Film Deposition

We use cleaved and polished substrates that are cleaned successively in an

ultrasonic bath with trichloroethane, isopropanol, and methanol, to remove wax and

residue left over from the substrate polishing, and blown dry with compressed N2. We

attach the substrate to the the heater with silver paste, clamp it to the block with a bolt on
am

clip (Fig. 3.3) and dry the paste in the chamber while evacuating and heating the heater.

Alternately, we dry the silver paste externally, and do not use the clip. The paste insures
w

good thermal contact between the substrate and the heater block. We mount the block in

the chamber so that the sample is approximately 60mm from the target, with the face

aligned parallel to the face of the target and positioned so that it will intercept the center of

the plume. The targets are ali stoichiometric and most are made from powder, pressed into
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25mm diameter discs, and sintered. However, we use either a single crystal of MgO or a

disc of Mg metal to deposit MgO films, and a disc of silver to deposit the silver films used

for normal metal contacts.

We evacuate the chamber to about 3 x 10"6while outgassing the heater at about
a

800°C. We establish the desired 02 pressure and heater block temperature and, with the
¢

shutter blocking deposition, we clean the surface of the target with 600 pulses from the

laser while the target is rotated. After rotating the shutter out of the path of the plume, we

deposit a film to the desired thickness. For multiple layer in situ depositions, we establish

the appropriate pressure and temperature, position and clean another target, and deposit the

second layer. This can be repeated as desired.

For YBCO, we focus 125mJ of energy (accounting for the losses in ali the optics)

to a fluence of about 2J/cm2 on the target, and typically deposit a 300nra thick f'flmin 6rain

with a laser repetition rate of 5Hz. During deposition, the heater block is held at 76(O and

the 02 pressure at 210mTorr. We deposit SrTiO3 films with the same parameters, except

that the 02 pressure is 150reTort. When depositing material on YBCO films, we follow a

different pumping and heating procedure. To minimize the loss of 02 in the YBCO film,

we evacuate the system with the heater block at room temperature, establish 250mTorr of

O2, and quickly establish the substrate temperature. We clean the appropriate target,

establish the desired 02 pressure, anddeposit the f'flm.

After depositing the film(s), we backfill the chamber to about 700 Torr of 02 and

cool the sample to 450oc in 15 minutes and then to room temperature in another 15
m

minutes. This slow cool down oxygenates YBCO f'flms and lessens the chance of the

substrate cracking from thermal stresses.
i.

For contacts we deposit silver at lmTorr of 02 onto room temperatureYBCO films.

To pattern the steer, one can either use shadow masks or photolithographic techniques

after the silver has been deposited. In the latter case, the silver can be deposited in situ

onto a YBCO f'flm that has just been deposited and cooled to room temperature. The
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avoidanceof wet chemistry prior to the silver deposition eliminates the need for post-

annealing.

To determine the optimal deposition conditions for superconducting, dielectric or

, normalmetal f'dms, we use x-ray diffraction and electrical transport measurements. We

perform0-20 and _-scans to determinethe crystaUographicorientationsof the films, and
t

4-pointresistancevs. temperaturemeasurementsof the conducting f'flmsand critical current

vs. temperaturemeasurements of the superconductingfilms to determine their electrical

properties By makinga series of samplesin whichwe vary the deposition conditions and

thenmake thex-ray and transportmeasurements,we thusoptimize ourfilms.

Figure 3.4 shows the resistance vs. temperaturedata for a YBCO film deposited

in situ on a MgO substrate, the fifth sample that we made in our laser deposition

system. At temperaturesabove the superconductingtransition temperatureof 85K, the

resistanceis linearin temperature,a metallic behavior. Ideally, this regionof the curve

would extrapolate through the origin. The width of the transition is only about 1K,

which is quite good. The relatively low Tc is undoubtedly due to insufficient 02 being

present during deposition of the film. We now use 210mTorr of 02 instead of the

125mTorrused for that sample.

We now routinely fabricate films with Tc = 88K on MgO. To do this we control

the heaterblock temperatureat 760oc, the 02 pressurein the chamberat 210reTort,setthe

targetto substratedistance at 60mm, and ablatethe targetwith 125mJ/pulse(afterpassing

throughall the optics) at a fluence of 2.25J/cre2. By fh-ing the laser at 5Hz for 6rainwe

deposit a film about 300nra thick. This correspondsto a deposition rate per pulse of

0.167nra. After deposition, we backfill thechamberto about700Torrof 02, and cool the

sample to 450°C in 15 min, and then to room temperaturein another 15 rain.

Figure 3.5 shows the 0-2 0 x-ray diffraction specman for a YBCO film deposited

on a MgO substrate that has been bufferedby a Sfl'iO3 f'flm 100rimthick. Otherthan two

substratepeaks, only YBCO (and SrTiO3)c-axis peaks are observed.
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Fig. 3.4 Resistance vs. temperature data for the 5th
sample made in the laser deposition system.



39

, lO7 .......I I i I

Mg@
(002)

lO6.
MgCO

o (i 4_

105 - 1oo6) -
._ (005/
r_ (003)

._ 104 . _\007 (009) .

103 , , I ,

0 10 20 30 40 50

theta (degrees)

Fig 3.5 0-20 x-ray diffraction spectrum of a YBCO thin fihn
deposited onto a MgO substrate buffered by SrTiO3.

. Peaks are for YBCO unless otherwise noted.
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Figure 3.6 shows the O-scan x-ray diffraction spectrum on the YBCO (103) peak,

for the same sample. It is evident that this film is highly oriented in the plane as weil, since

the peaks are separated by 90°. No low angle grain boudaries are seen as is common for

YBCO deposited directly on MgO. The presence of the SrTiO3 buffer layer substantially D

improves the alignment of the film. A separate O-scan performed on the substrate (not

shown) indicates that the a and b axis of the YBCO film are aligned with those of the

substrate.

We calibrate the deposition rate by using a prof'fleome_erto measure the sample

thickness. For transparent insulating layers, we estimate the thickness by using the index

of refraction of the material and noting the number and color of the optical interference

fringes, lt should be remarked that films often have a slightly different index of refraction

than bulk samples, so that the method is somewhat inaccurate.

Early laser deposited films were plagued by the presence of a high density of

micron-sized embedded particles or "boulders",which can be very detrimental to multilayer

structures. After a target has been exposed to many laser pulses, its surface becomes

roughened and the deposition of boulders occurs. By lightly sanding the surface smooth

and blowing off any dust before each deposition 3, we can largely eliminate such particles,

especially if we use a highly dense target4. The dense targets retain this boulder-free

condition for a longer time but will emit boulders after exposure to enough laser pulses.

The emission of particles is delayed by using a low laser fluence, or by ablating material

from a larger area on the surface of the target, which can be accomplished by rastering the

beam or rotating the target. The key is to reduce the numberof laser pulses that strike any

spoton the target during the growth of a film.
Q
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Chapter 4

YBa2Cu307-x Interconnects Patterned by Shadow Masks

" A wide variety of processes have been described I for the deposition of single

layers of thin films of the high temperature superconductor YBCO. There are also

many reports of YBCO films deposited/n situ by laser deposition. 2 Rogers et al.3

have reported the fabrication of YBCO - PrBa2Cu3Oy-YBCO trilayer junctions that

exhibit Josephson characteristics. To produce electronic circuits of any complexity,

however, one has to develop techniques to fabricate interconnects. Virtually ali

superconducting microelectronic circuits require crossovers, and without them, the

devices one can fabricate and their interconnections are severely limited.

We describe the process we have developed for producing YBCO - SrTiO3-

YBCO crossovers, which we believe will be suitable for a variety of applications in

superconducting microelectronics at 77K.

We fhst successfully fabricated crossovers by using in situ laser deposition to

deposit ali thin film layers, shadow masks to pattern them, and SrTiO3 for the insulating

material. Laser deposition allowed us to grow ali three layers with a minimum of

interduffusion and a minimum of degradation of the lower layers during deposition of

the upper layers. By using shadow masks to pattern the layers, we avoided the

• problems of surface contamination of the films and steep edges in them that could result

from using photolithography. Our use of SrTiO3 was fortuitous, for we have not

found a better material, even to this day.

Initially, we attempted to deposit the insulating films by rf sputtering and to

deposit the YBCO films by laser deposition. We achieved heteroepitaxial growth of the
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films, but were unable to achieve sufficient insulation between the YBCO films - there

were always shortcircuits.

4.1 CrossoverFabricationProcess

We use 12.5 x 12.5 x lmm3 cleaved and polished (100) MgO substratesthat are

cleaned successively in anultrasonic bathwith xylene, tricldorethylene,isopropylalcohol

andethanol, rinsed with methanol, and blown dry with N2. Our superconductingfdms

are deposited from stoichiometric YBCO targets pressed and sintered from calcined

powderinto disks 25mm in diameterand 3mm thick. The insulating layeris deposited

from SrTiO3powder pressed into a disk of the same size.4 Before each deposition, we

grindthe surfaceof the targetswith #400 emery paper,polish them on a latex sheet and

blow away any loose particleswith N2.

We make the f'dms in a diffusion-pumpedvacuum system with a base pressure

of l lJ.Torr.We deposit each layer in turnusing the 248nm pulses (18ns full width at

half maximum) from a Questek 2820 excimer laser. A 5.4 x 14mm2 apertureselects

the uniformportion of the beam, which is focussed by a 0.15m focal length lens onto

the targetat an angle of incidence of 45o. The targetis glued to one end of a copper

cylinderthat rotatesat about 60 rpm; the bearingsfor the shaft aremounted in a water-

cooled block. We clamp the substrateto a heater block which is coated with a layer of

silver paste to insure good therm',dcontact. This block is resistively heated, and its
r

temperatureis monitoredby an imbedded Chromel-Alumelthermocouple. The substrate

is 60mm from the target, and aligned to intercept the central portion of the plume ==

emanating from the target. A water-cooled plate partially shields the target from the

thermalradiationemitted by the substrateheaterblock to preventmelting of the surface

of the target.
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The configuration of the thin-f'dm structure shown in Fig. 4.1 allows us to

measure the electrical properties of all three layers. The first layer is an H-shaped

YBCO film: the connecting strip is approximately 450_n wide. The second layer is a

• 9 x 7mm2 rectangle of SrTiO3 that covers this strip. On top of the SrTiO3 lies the

third layer, two strips of YBCO, 450 and 900_m wide, that cross the strip of the first

layer of YBCO. The patterns are defined by masks cut from stainless steel foil.

Because the deposition occurs in 190mTorr of 02, the masks must be clamped tightly to

the substrate to insure good line def'mifion.

The first step in the process is to outgas the heater and substrate by increasing

the temperature to 730oc as we evacuate the chamber to 5gTon'. The temperature is

held constant while we throttle the gate valve and bleed in 02 to maintain a pressure of

190reTort. We first cover the surface of the substrate with a shutter and clean the

target with 300 laser pulses at a rate of 5 per second with an energy density of l.IJcm 2

and then deposit the first layer of YBCO for 10 minutes, at the same repetition rate and

fluence, to a thickness of about O.3gm. Immediately after, we turn off the laser, back-

fill the chamber with 02 to 1 atmosphere and reduce the heater power to allow the block

to cool to 450oc. In 15 minutes we turn off the heater and allow the sample to cool for

another 15 minutes before opening the chamber.

In preparation for the insulating layer, we ex.';hange masks and replace the

YBCO target with a polished SrTiO3 target. We outgas the substrate at 200oc while

pumping the chamber to 51J.Torr,this relatively low temperature _dnimizes the loss of

oxygen from the YBCO layer. We then rapidly raise the block temperature to 660°C,

bleed in 02 to 190mTorr, and clean the target as before. After opening the shutter, we
m,

deposit SdriO3 for 7 minutes at 5 pulses per second at an energy density of 1.4Jcm"2,

to produce a fdm that varies in thickness from 0.4 - 0.451an. We have found that

660oc is the lowest temperature at which we obtain good growth of the SrTiO3, and

have avoided the use of higher temperatures in order to limit interdiffusion. In an
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second layer:

MgO substrate SrTiO 3 •

Fig. 4.1 Configuration of YBCO - SrTiO3- YBCO thin-film
crossover.
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attempt w replenish the 02 content of the underlying YBCO film and to insure

sufficient incorporationof 02 in the SrTiO3, we use the same cooling procedure as

before.

. After changing masks and inserting a polished YBCO target, we outgas the

substrateat 200°(2 until the pressurefalls to 5_Torr. We quickly raise the temperaune

" to 730°(2, bleed in 02 to 190reTort,clean the target for 1 minute, and deposit a third

layer approximately 0.251amthick. After the usual cooling procedure,we remove the

samplefor testing.

4.2 Results

Underan optical microscope,the insulatinglayer appearssmooth and featureless,

while the YBCO layers contain some sub-microngrainsand small particlesup to llan in

diameter. We have sought to reduce the density of these particles,in an effort to lessen

the probabilityof developing shortcircuits between the top and bottomlayers of YBCO.

We have found that after deposition of a film, the face of a target contains many

stalactite-like structures thatremain after the surroundingmaterialhas been vaporized.

We believe furthererosion of the target surface causes some of the stalactites to break

off, resulting in the deposition of the particles. By polishing the target face before

deposition, minimizing the number of laser pulses fired, and using a low laser fluence

and large spot size on the target, we are able to reduce the particledensity to typically 1

" per 2500gm2. A furtherreduction can be achieved by increasing the areaof the target

that is ablated by the laser, or perhapsby polishing the target face during deposition
e.

thereby eliminating the formationof the s_actite-like structures. The elimination,or at

least the minimization of the density, of film particles is desirable in multilaycr

structuressuch as an insulated crossover,and it is probablyessential in structuressuch

as a tunneljunction.
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Figure 4.2 shows the x-ray diffraction specman for a trilayer. The plot

indicates that the YBCOis predominantlyc-axis oriented. However, there is an impurity

phase peak located at 20 = 32.39° that may have contributionsfrom YBCO (103) and

(110) and SrTiO3 (110). It is likely that both the YBCO and the SrTiO3 have some

randomorientation.
m

We measured the electrical properties using a 4..terminalarrangement, making

contacts to the films with pressed In pellets. In Fig. 4.3(a), for comparison, we show

a representative plot of resistance (R) vs. temperature(T) for a single layer of YBCO

deposited on MgO. Zero resistance is at Tee = 87.8K and the transition width ATc is

2K (10% to 90%). The critical currentdensi_es of our patterned single-layer films are

typically Jc _"106Acm"2 at 77K. Figures 4.3Co)and 4.3(c) show R vs. T for the

lower and upper YBCO film of our best crossover: the properties have degradedonly

slightly, to Tee = 87.3K and 87.7K and ATc = IK and 3K, respectively. The

resistance of the SrTiO3,measured between the lower and upper YBCO strips, increases

as the temperature is lowered [see Fig. 4.3(d)]. At 77K, the resistance is approximately

100M[l, corresponding to p = 4 x 109flcm. The resistivity of high quality SrTiO3 at

room temperature is typically 109D.cm,whereas the f'_m yields p _, 4 x 104D.cm,

suggesting that impuritiesor defects are present.

The process described above has proved reproducible. Because of the number

of layers involved and the nature of their interactions, the optimization process is

complicated. The fact that the sample can be exposed to air between each deposition is
p

an enormous advantage in the fabrication of complex circuits in that it should allow one

to pattern each layer using photolithography and etching. If, on the contrary, one were

forced to keep the structure in vacuum for the entire process, the complexity of circuits

which could be built would be severely limited. However, we believe the process

would work equally well ff one were to use two interchangeable targets and a suitable

mask changer so that one did not have to open the chamber between depositions.

!ll
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Fig. 4.2 X-ray diffraction spectrum (0 - 20 scan) of YBCO -
SrTiO3 - YBCO crossover on (100) MgO substrate.
Orientations refer to YBCO unless labeled otherwise.
Impurity phase peak labeled (103) may have

" contributions from YBCO (110) and (013) and SrTiO3
(110).
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51

4.3 Superconductor- SuperconductorContacts

Prior to the development of the crossover fabrication technique, we had

• suuccesfully fabricated superconducting contacts between different superconducting

layers. Therefore, a complete interconnect technology existed once we had crossovers.

" The fabrication procedure is identical to that for a crossover except that the

middle insulating layer is omittexL A strip of YBCO is deposited through a shadow

mask across the center of the substrate in the usual way. After cooling, the mask is

rotated 90° and positioned so that the slit in the mask crosses the YBCO line already

deposited. A second layer of YBCO is then deposited and cooled and the sample

removed for testing.

By proper positioning of In contacts on each of the crossing YBCO strips, a

four contact resistancemeasurement can reveal the resistance of each of the two strips,

of the contact between them, or of the series resistance of the strips and the contact.

Our first sample was successful - we could not detect any resistance in the contact

below the Tc of the YBCO strips.

Armed with the interconnect technology, we proceeded to aaack our goal of

fabricating multi-turn coils and flux transformers for use with SQUIDs. But first, let

us turn our attention to Transmission Electron Microscopy (TEM) sudies of our multi-

layer structuresperformed by Mohammed Tidjani and Ronald GronskT at the National

Center for Electron Microscopy at Lawrence Berkeley Laboratory. The studies explain

" the excellent electricalpropertiesfound in the crossovers.



52

References

I. Forareview,seetheProc_gs oftheAppliedSuperconductivityConference,1988;

IEEE Trans. Magn. MAG-2$, 719-2590 (1989).

2. S. Witanachchi, H. S. Kwok, X. W. Wang, and D. T. Shaw, Appl. Phys. Lett. 53,

234 (1988); A. Inam, M. S. Hegde, X. D. Wu, T. Venkatesan, P. England, P. F.

Miceli, E. W. Chase, C. C. Chang, J. M. Tarascon, and J. B. Wachtman, Appl.

Phys. Lett. 53, 908 (1988); J. Frohlingsdorf, W. Zander, and B. Stritzker, Solid

State Communications 67, 965 (1988); B. Roas, L. Schultz, and G. Endres, Appl.

Phys. Lett. 53, 1557 (1988); G. Koren, E. Polturak, B. Fisher, D. Cohen, and G.

Kimel, Appl. Phys. Lett. 53, 2330 (1988); R. K. Singh, J. Narayan, A. K. Singh,

and J. Krishnaswamy, Appl. Phys. Lett. 54, 2271 (1989).

3. C.T. Rogers, A. Inam, M. S. Hegde, B. Durra,X. D. Wu, and T. Venkatesan Appl.

Phys. Leg. 55, 2032 (1989).

4. Electronic Space Products International, 5310-U Derry Ave., Agoura Hills, California

91301-4509.



53

Chapter 5

Hetero epitaxialYB a2Cu 307-x-SrTiO3-YB a2Cu307-x

. Trilayers Examined by Transmission Electron Microscopy

" In order to fabricate certain kinds of devices from the high transition temperature

(Tc) superconductors, it is essential that one be able to deposit multiple layers of an

insulator and a superconductor. Such a technique has already been used for interconnects, 1

and may be useful, for example, for constructing Josephson tunnel junctions. In our

crossover technology for YBa2Cu307-x (YBCO), we found that patterned YBCO-SrTiO3-

YBCO trilayers deposited on MgO substrates showed high levels of electrical isolation

between the superconductors (> 4x 109 D_m at 77K) while maintaining high Tc (> 87K in

both YBCO films). The YBCO films were typically 300 nm thick, while the SrTiO3 was

between 200 and 400 nra. The successful fabrication of such multilayer structures depends

in pan on the properties of the interfaces between the YBCO and SrTiO_ layers. Ideally,

one would like a heteroepitaxial system with closely matched lattice parameters, so that

erystallinity is maintained in the deposited layers, and the interfacial zones have low stress

energy. In addition, for a tunnel junction, one would like chemical bonding across the

interface which does not degrade the adjoining superconducting regions by atomic

diffusion or oxygen depletion. High Resolution Transmission Electron Microscopy

(HRTEM) is a powerful technique for studying such properties, and has recently been

" applied to single layer films, 2-4YBa2Cu3OT.y-Yl.xPrxBa2Cu3OT.y heterostrucmres 5, and

MgO-YBCO heterostructures. 6 This technique can, in favorable cases, determine the

atomic structure of an interface, and, in bulk materials, has yielded information such as the

location of misfit dislocations 7, the presence or absence of reaction layers8, and the degree

of surface roughness 9 at interfaces on an atomic scale. We report an HRTEM study of a

YB_SrTiO3-YBCO trilayer.
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We fabricated the trilaycr test structure using in situ laser deposition onto a cleaved

and polished (001) MgO substrate, choosing the layer thicknesses so that we could

simultaneously view ali three layers with HRTEM. The excimer laser was operated at

248nm with 1.3Jcm "2incident on a stoichiometric target of YBCO or SrTiO3. We f'wst

deposited 150nm of YBCO in 220mTorr of 02 while the substrate heater block was held at
'lP

740oc. After cooling the substrate to room temperature over a 30rain period in one atm of

02, we opened the vacuum chamber and exchanged the YBCO target for a SrTiO3 target.

The chamber was re-evacuated, the substrate heated rapidly to 690°C, and 80nm of SrTiO3

deposited in 200reTort of 02. Again, the sample was cooled to room temperature, the

targets exchanged, and the vacuum chamber evacuated before the sample was heated

rapidly to 740oc for deposition of the top YBCO layer, 150nra thick. After it hadcooled to

room temperature, the sample was removed from the vacuum chamber. We then prepared

cross-sectional specimens by mechanically thinning and ion milling until electron

transparency was obtained,10,11 so that we could view the multilaycrs with high spatial

resolution in the plane of their interfaces. Phase contrast imaging and selected area

diffraction (SAD) were performed on a JEOL JEM 200CX transmission electron

microscope equipped with an ultrahighresolution goniometer at an accelerating potential of

200 kV.

A typical low magnification lattice image of the YBCO-SrTiO3-YBCO trilayer is

shown in Fig.5.1, and the SAD patterns of the upper and lower YBCO-SrTiO3 interfaces

are shown in Figs.5.2(a) and 5.2(b). The mierograph in Fig.5.1 clearly shows that the

upper interface exhibits free scale roughness; however, the (001) (ab) planes of YBCO

remain strictly parallel to the macroscopic interface plane over the full lateral extent ofthe

image. Furthermore, the SAD pattern in Fig.5.2a reveals that YBCO exhibits a preferred

orientation relationship with SrTiO3 in which the c- and a-axes of YBCO are perfectly

parallel to those of SrTiO3:

(001)yBCO//(001)SrTiO3 and [010]YBCO//[010]$rTiO3. (5.1)



YBCO

SrTiO3

O
C

Fig. 5.1 Low magnification TEM micrograph showing a trilayer of YBCO-SrTiO3-

YBCO; the lower layer is adjacent to the MgO substrate. No intermediate layer is

visible at either the lower or upper interface. The (001)YBCO planes in the

uppermost layer are parallel to the interface in spite of the columnar growth of the

SrTiO3 layer.

0
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This observation indicates a complete crystallographic compatibility between the

superconducting and the insulating layers, most likely because the lattice paramaters of

YBCO (ao=3.82J_, bo=3.89A) and SrTiO3 (ao=3.91A)are nearly identical.

, In Fig. 5.3, we show a lattice fringe image of the upper SrTiO3-YBCO interface in

which both close-packed planes {001 }SrTiO3and (001)YBCO are resolved and are clearly

¢ parallel. This is also revealed in the SAD pattern in Fig 5.2(a), and indicates a preferred

oriented growth of the SrTiO3 layer on YBCO. However, closer examination of Fig.5.3

shows that the SrTiO3 layer exhibits columnar growth, that is, there are elongated grains

perpendicular to the YBCO-SrTiO3 interface. These grains appear to be slightly rotated

relative to one another around a common [001] direction, and are thus separated by low-

angle twist boundaries that appear as shadows in Fig. 5.3. The parallelism of the

(001)YBCO planes in the upper layer of YBCO is interesting, since it indicates that YBCO

grows epitaxially on SrTiO3 in spite of the obvious polycrystalline morphology of the

SrTiO3film.

While we see a sharp boundary extending over large areas without any intermediate

layer, Fig. 5.3 also shows that the SrTiOyYBCO interface is continuously curved because

of local growth perturbations at the SrTiO3 surface as well as a number of interfacial steps.

The micrograph also shows regions of dark contrast randomly distributed along the

SrTiO3-YBCO interface; these are probably related to the strain fields caused by mismatch

and misorientation between the two lattices.

A segment of the lower YBCO-SrTiO3 interface is examined at higher

" magnification in Fig.5.4(a). Both (010) and (001) cross fringes of SrTiO3 and YBCO

layers are visible over the entire micrograph. The image clearly shows a clean interface

with no evidence of any second phase formation. In both YBCO and SrTiO3 layers,

crystallinity is maintained up to theinterface with a sharp transition from YBCO to SrTiO3

and no interfacial amorphous phase anywhere along the entire interface. The (010)SrTiO3

planes maintain the same orientation regardless of the number of steps along curved
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interfaces. The YBCO layer contains stacking faults, for example at the arrows, and

exhibits occasional bending of the (001) planes. However, away from the interface the

regular periodicity of the slxucun'eindicates that the lattice of YBCO is free from distortion.

i An interesting feature observed in this example and in all the HREM images

recorded during this study is the apparent in-plane interface coherency and atomic

smoothness along the planar interfaces such as that illustrated in Fig.5.4c. There is an

exact one-to-one correspondence between the (010)YBCO and (01O)SrTiO3planes at the

interface and, as shown in the SAD pattern in Fig.5.2b, both families of planes are exactly

parallel.Darkregionsoccasionallyobservedalongtheinterfacearestraincentersarising

fromthelatticemismatchbetween(010)YBCO(3.89/I,)and(010)SrTiO3(3.91/_)witha

resultant elastic distortion of 0.5%.

The epitaxial relationship Eq. (5.1) is maintained even along the stepped surface of

YBCO. Such interfaces are apparently stabilized by well-defined facedng along the

(011)$rTiO3//(031)YBCO plane, indicating this also to be a prefcn'ed interface plane. An

example of a stepped interface is examined at higher magnification in Fig.5.4b and shows a

coarse ledge (labeled "d') in which an extra plane normal to the ledge plane is observed.

As determined by a Burgers circuit construction around this extra plane, the closure failure

is attributed to a (011)SrTiO3plane along the [011]SrTiO3direction within the projection of

this image. The intcrplanar spacings of (011)SrTiO3 and (031)YBCO, 2.7648 3, and

2.7506JL respectively, are again very close and result in an elastic strain of about 0.5%.

Hence mismatchbetweenthetwolatticesislikelytobeaccommodatedbydislocationsin

theSrTiO3topreservetheepitaxialgrowthoftheSrTiO3layer.

Insummary,bothYBCO andsfrio3filmsgrowepitaxiaUyoneachother,andwe

have detected no disordered regions or impurity phases at either interface. Althoughthe

SrTiO3 layer exhibits columnar growth, a definite crystallographic orientationrelationship

is preserved along the entire interface, even at ledges or steps. Along rough interfaces,

misorientation of the planes of the two contiguous lattices is acammmedated by edge

|i
II
|
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dislocationsinwhichtheassociatedextrahalf-planeisnormaltotheinterface.We fredthat

theclose-packeddirectionsarepamUclacrossinterfaces,eveninthepresenceofstepsand

ledges,suggestingthatthesearelowenergyinterfaces.Theobservedepitaxyundoubtedly

s leadstothehig_qualityinsulatingandsuperconductingpropertieswe havefoundinsuch

trilaycrsu'ucmrcs,andsuggeststhatitmay bcpossibletofabricatestructuresofcomparable

" qualitywithmuch thinnerinsulatinglayers.
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Chapter 6

Superconducting Thin-Film Multitum Coils of

YBa2Cu307-x

Armed with our interconnect technology, we proceed to fabricate and test thin-

film multi-mm coils of YBa2CuaOT.x(YBCO) that are suitable for coupling to planar

SQUIDs. Whereas a single-mm loop can be constructed from a single-layer film, a

multiturn coil requires a minimum of three layers, since a superconducting path must

connect the innermost turn of the coil to the pick-up coil without producing an electrical

short to the remaining mms (see Fig. 6.1). Furthermore, one must pattern each layer of

the coil individually, since it is not possible to fabricate a multiturn coil by post-

patterning a three-layer stack of films. In order to produce efficient coupling, the

linewidth of the mms must be reasonably fine, say 20_tm or less, so that ali of the mms

fit within the outer dimension of the SQUID. In addition, the upper and lower YBCO

films must make a superconducting contact at the inner turn of the coil, and the upper

YBCO film must remain superconducting where it "climbs" over the edges of earlier

layers. Accordingly, a high degree of compatibility is required between the design of

the coil, the materials, the deposition techniques and the patterning methods.

To a large extent, the above requirements determine the details of the process.

Having developed our crossover technology using YBCO and SrTiO3,1 we naturally

chose to use the same materials. Because the linewidth of the line making contact to the
Q

inner turn can be relatively large and no fine patterning is required for the SrTiO3, we

use shadow masks to pattern these two layers. 1 The choice has two advantages: we

have found that the masks do not contaminate the surfaces of the fdms significantly, so

that epitaxial growth of subsequent films is achieved, and the edges of the patterned
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films are smooth, so that subsequentfilms can easily climb them. On the other hand,

the fine linewidth requiredfor the mms of the coil is most easily accomplished using

photolithographyand an etch, processes that are best left for the last step so that the

, resist does not come into contact with surfaces that must subsequentlysupportepitaxial

growth. Accordingly, the top YBCO layer is used to form the mms, and the bottom

layer the contact line Ccrossunder").

Figure 6.1 shows the design of a square spiral coil with 10 mms of 20gm

linewidth, an outerwidth of lmm and an innerwidth of approximately150gtm;we have

also made coils with 19 mms and a 10gra linewidth. We choose a relatively large

linewidth to minimize the chance of a defect breakingthe coil, and to provide a higher

coupling efficiency if used in a fiip-chip an'angement.2 For testing purposes, we

pattern lmm2contactpadson the ends of the leads to the coil.

We have used two kinds of masks for patterningthe first two layers. Some

were made from Si3N4 coated 50mm diameter Si wafers using photolithographyand a

KOH etch. The others were made from 50_tm and 100_m thick stainless steel foils

patterned with an electro-discharge machine. While the steel masks have proven to be

more robust, the Si masks produce a sharper line definition because they are

considerably flatterand stiffer, and can be clamped more tightly to the substrate. The

first layer mask defines the YBCO crossunder,which is a 100gin wide line stretching

almost to the edges of the chip. The second layer mask defines a rectangle of SrTiO3

that covers the central portionof the crossunder, leaving the ends exposed (Fig. 6.1).

" The second YBCO layer covers the entire chip. The final patterning step is made with

an Ar ion mill using photoresist as a stencil mask. This processdefines the mms of the

coil, forms the pads, and removes the portion of the crossunderline not covered by

SrTiO3that would otherwise short the turns. The mill is stoppedfrom etching through

the remainderof the crossunderby the layer of SrTiO3.
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YBCO mms
of coil

,a

SrTiO3
insulator

YBCO

YBCO
-'--- lines

100t.tm to pads
I

Fig. 6.1 Layout of thin-film 10-turn coil with 20_tm linewidth. The
bottom layer of YBCO forms the crossunder, the middle layer
is of SrTiO 3, and the top layer is of YBCO (solid fill).
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We deposit the films on (100) cleaved and polished 12.5 x 12.5 x 1 mm3 MgO

substrates, opening the vacuum chamber to change masks and targets between each

deposition. Ali layers are deposited with a Questek 2820 KrF pulsed excimer laser.

. Whiletheuppertwo layersaregrown witha standardlaserdepositiontechnique,1,3the

bottom layer is grown with an rf plasma assisted laser deposition technique that we

" developed to allow the deposition of 0.1mm wide lines through a shadow mask.

Instead of backfilling the vacuum chamber to 200reTort as is usual, we strike a 60W rf

plasma with 40mTorr of 02 in the vacuum chamber during deposition, thereby

increasing the sharpness of the line definition while insuring sufficient 02 incorporation

into the film. Our attempts to deposit 0.1 mm lines in 200reTort of 02 resulted in

YBCO with a lowered Tc.

Although we have made coils of various thicknesses using different deposition

parameters, for convenience we describe a typical procedure that yields layers about

400nra thick. We deposit the first layer of YBCO with the rf plasma using a laser

fluence of 1.3Jcm-Z at 5Hz for 6 rain, while maintaining the heater block at 700ot2 as

indicated by an optical pyrometer. The chamber is then quickly ftlled with 700Torr of

02 and the heater block is allowed to cool to 450oc in 15rain before cooling to room

temperature in another 15 min. After exchanging targets and masks, the chamber is

evacuated to 3x10 -6 Torr as the temperature of the heater block is raised to 200°C. The

temperature is then increased to 680oc in about 3 rain, during which time the chamber is

filled with 190mTorr of 02 and the surface of the SrTi03 target is cleaned with 300

- laser pulses. We then deposit SrTiO3 for 6 rain at 5I-Lzwith a laser fluence of 1.3Jcm-2

before cooling in 02 as in the previous step. After removing the mask and again

exchanging the targets, we evacuate the chamber as before, raise the temperature to

735oc and deposit YBCO for 6 rain at 5Hz in 200 retort of 02 prior to cooling.

After removing the chip from the vacuum chamber, we pattern it with a 2-3pan

thick layer of Mieroposit 1400-31 resist, and ion mill the surface for a total of 25-35
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Fig. 6.2. Photomicrograph of completed 10-turn coil. Coil is 1mm on a side.
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rain in a 600V, 1.5mAcm-2 beam of Ar ions. To minimize heating, we clamp the chip

to a Cu block and typically performthe ion milling in 5 rain steps separated by 15 min

cooling intervals. Figure 6.2 shows a completed coil. Finally, we press In contacts

. onto the pads and use a 4-terminal arrangementto measurethe resistanceand critical

CUlTenL

" Figure 6.3 showsresistancevs. temperatureT for a 10-turn and a 19-turn coil.

Initially, as the temperatureis loweredfrom 300K, the resistancedecreasesslowly (b) or

evenincreases(a)oWe believe that this effect is due to parallel conductionthroughthe

SrTiO3 and along the turns of the YBCO coil. At room temperature,the $rTiO3 can

have appreciable conductivity, whereas at lower temperatures the resistance of the

SrTiO3 becomes very large and conduction along the YBCO coils dominates. Figure 6.4

shows the critical current Ic, measured using a 10mV detection criterion, as a function of

T for six coils. At 771C, the large variations in lc are mostly the result of differences in

Tc between the coils. We believe that the critical currents and transition temperatures of

coils I and 2 were lowered by heat degradation during ion milling: the milling was

performed in 18 rain intervals. Each film in coils 3 and 4 was only about 200 nm

thick, about one-half the thickness of the films in the other coils. Coils 5 and 6 have

the highest transition temperatures, but their critical currents differ by an order of

magnitude. We suspect that this difference is due to defects in the films caused by

defects or dirt on the surface of the substrate. Of the six coils, coil 5 (10 mms, 20gm

linewidth, Tc=82K) had the largest critical current, approximately IAmA at 77K and

" 40mA at 4.2K. These values correspond to critical current densities of about 2 x 104

and 5 x I_A cm -2 in the mms of the coil, respectively.
i

Figure 6.5 shows the resistance between the crossunder and the turns of coil 4.

To measure this resistance, we opened the innermost mm of the coil by patterning with

photoresist and ion milling. The resistance increases steadily as the temperature is

lowered, becoming approximately 107 £2 at 77K. This value exceeds the minimum
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Fig. 6.3 Coil resistance versus temperature for (a) coil 2 (19-turn, 10_n
linewidth), (b) coil 5 (10-mm, 20gm linewidth).
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" Fig. 6.4 Critical current versus temperature for" coil 1, open triangles;
coil 2, closed triangles, coil 3, open squares; coil 4, closed
squares; coil 5, open circles; coil 6, closed circles. Coils 1 and
2 have 19 mms of 10bun linewidth, while the remaining coils
have 10 mms of 201amlinewidth.
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Fig. 6.5 Resistance versus temperature of the SrTiO3 between
the crosstmder and 9 crossovers of coil 4.
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acceptable parallel resistance for use in flux transformers by several orders of

magnitude: a resistance of l0 1¢_ would produce a negligible Nyquist current noise.

Given that there are 9 crossovers, this implies that the SrTiO3 resistivity was about

. 10Sf_m at 77K. At 290K, the SrTiO3has a resistivity of app:roximau_ly1.6x105_,

whereas single crystal SrTiO3has a resistivity of about 109_,_m. We suspect that the

" lower SrTiO3 resistance obtained in the coil is the result of small defects in the

insulation.

In conclusion, the measured properties of the coils make them promising

candidatesfor use in flux transformers,and should enable one to construct sensitive

magnetometersfrom high-TcSQUIDs. Most importandy,these resultsdemonstratethat

relativelysophisticatedmultilayerhigh Tc circuitsare now well within reach.

!
I

I
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Chapter 7

Superconducting Thin-Film Flux Transformers of
- YBa2Cu307-x

tl

We describe the design, construction, and magnetic field response of thin-film

flux transformers with multiturn input coils, constructed from the high-temperature

superconductor YBa2Cu3OT.x(YBCO). 1

Having already discussed this in more detail in the introduction, I simply remind

you that the design of a flux transformer involves a few simple considerations: (i) the

magnetic field response increases as the area of the pickup coil increases; (ii) the pickup

coil should have the smallest possible inductance, Lp, for its area; (iii) the magnetic field

response is largest when the input coil inductance, Li, is set equal to Lp; (iv) the input

coil should have approximately the same overall size and shape as the SQUID in order

to be efficiendy coupled to it. We note that ff one is to obtain substantial gain in

magnetic field response, the area of the pickup loop should be much greater than that of

the SQUID. Consequently, in an optimized transformer, the input coil should generally

be mulfiturn; a single-layer transformer, which necessarily has a single turn input coli 2'3,

gives a lower than optimum response.

We show the design of our thin-film YBCO flux transformer in Fig. 7.1 (a), and
m

summarize its parameters in Table 7.1. The areaof the pickup loop was limited by the size

of the MgO substrate, and we kept the inductance small by choosing a large linewidth,

Imm. The size and shape of the input coil were designed for good coupling to our thin-

film, low-temperature dc SQUID, which is a square washer4 with an outer width of lmm

and an inner width of 0.2mm (see Table 7.1). In practice, it is somewhat difficult to match

Li and Lp accurately because we do not know Lp exactly,



76

(a)

m

lmm

(b)

Fig 7.1 (a) Configuration of planar thin-film YBCO flux transformer, dashed lone outlines

SrTiO3 film. (b) Photograph of completed transformer.

|
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and Li depends strongly on the distance of the input coil from the square washer

SQUID, which provides a superconducting groundplane.4 Given these uncertainties, we

somewhat arbitrarily chose 10 turns for the input coil. If it were tightly-coupled to the

. SQUID, we estimate this coil would have an inductance of about 40nil, a factor of 2

larger than our estimate for the pickup loop; in the present experiments, the weaker

" coupling to the SQUID increases the inductance to about 75nI-I. We chose a relatively

large linewidth for the input coil, 20_tm, to reduce the chances of a defect breaking the

coil and to ensure a more than adequate critical current.

Table 7.1 Parameters of SQUID and flux transformers.

pickup coil input coil SQUID

sensing area (mm2) =70 =0.2

number of turns 1 10 1

line width (mm) =1 0.02

inductance (nil) =20 = 75a 0.44

outer width (mm) =11 1 1

inner width (mm) =9 = 0.15 0.2

iii

lr

a depends on coupling to SQUID.
al

Because a superconducting connecting line must be made to the inner turn of the

input coil, at least two patterned and electrically isolated superconducting layers are

needed, and we thus require multilayer processing techniques 5'6. Each transformer was

!
|
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made on a 12.5 x 12.5 x 0.75 mm3 (100) cleaved, polishedand cleaned MgO substrate.

We deposited the layers in situ using a Questek 2820 excimer laser operating on the KrF

248nm line with a 5Hz repetition rate. The beam was focussed to a fluence of 1.3Jcm-2

onto 25.4mm diameter pressed, sintered, and polished targets which rotated at about

1Hz on a mount attached to a water-cooledblock. The MgO substrate was clamped to a

heater block 60mm fromthe target.

We fh-st deposited 300nm of YBCO in 45reTort of 02 in the presence of an ff

discharge6 with the substrate at 690°C; this layer forms the connecting line or

"crossunder" to the innermost turn of the input coil. The second film, 300nra of

SrTiO3deposited in 190mTorrof O2at 680°C, provides elect ical insulation between the

crossunder and the turns of the coil. The third layer, 300nm of YBCO deposited in

190mTorrof 02 at 740°C, forms the pickup loop and the turns of the input coil. After

each layer was deposited, the substrate was cooled to room temperature in O2, and

exposed to air while the masks and targets were changed. The fh'st two layers were

patterned by shadow masks consisting of etched Si chips clamped directly to the face of

the substrate, while the last layer was patterned with photolithography and an Ar ion

mill etch. Figure 7.1(b) shows a completed flux transformer.

We tested each flux transformer by mounting it on a temperature-controlled

stage7 less than 100grn from the conventional Nb-PbIn dc SQUID at 4.2K. The

assembly was inserted in a superconducting shield and enclosed in a vacuum can

surrounded by liquid 4He. We aligned the input coil of the transformer with the SQUID

to ensure good coupling, and operated the SQUID in a flux-locked loop that produced

an output voltage proportional to the applied flux. The transformerwas placed above

the centerof a 10-turn,19mm diameter coil which we used to applya magnetic field.

In Fig. 7.2, we plot the response of the SQUID to a quasistaticmagnetic field B

as a function of the temperature of the transformer. The two transformers shown, 1
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and 2, have transition temperatures Tc of 71K and 77K, respectively. Above Tc, the

response is due to the SQUID alone, and is positive. Below Tc, the response includes

contributions from the transformers, and is -7.3 and -9.5 times that of the SQUID alone for

transformers 1 and 2, respectively. The sign change is due to our deliberate choice of the o

winding sense between the pickup and input coils, made so that there would be a clear

signaturethatthefluxtransformerwasfunctioning.

The total flux induced in the SQUID by an applied magnetic field B is

_s = BAs- BApo_(Li L)I/2/(Li + Lp), (7.1)

where L is the SQUID inductance, As = riA and Ap are the effective pickup areas of the

SQUID loop and pickup coil, respectively. Here, o_is the coupling coefficient, A is the

inner geometric area of the SQUID, and ri is a flux focussing factor, 8 which we estimate to

be 5. We have assumed that B is uniform, and neglected any direct coupling of the field

into the input coil, which gives a small correction. The first term in Eq. (7.1) is the flux _so

coupled directly into the SQUID in the absence of the flux transformer, while the second is

the flux coupled by the transformer; the latter is zero above Tc. We now define g =

Os(T<<Tc)/OSo and use Eq. (7.1) to find

o_= (1- g) (As/Ap)(Li + Lp)/(Li L)1/2. (7.2)

Using the measured values of g and the estimated values of As, Ap, L, Li andLp (see Table

7.1), we find ct = 0.39 and 0.50 for transformers 1 and 2, respectively. Since the SQUID

and transformer are physically separated, we consider these values of (z to be quite

reasonable.

We measured the response of transformer 1 at 59K and of transformer 2 at 67K

over the range :1:5nT, and found the hysteresis was less than 0.1%. At somewhat higher

applied fields, the response was strongly hysteretic, implying that the induced screening

current in the transformer had exceeded the critical current. The open symbols in Fig. 7.3

show the estimated critical current of the transformers, which we inferred from the largest

field at which the response was nonhysteretic. Transformer 2 had a



81

,li

lO5
' I ' I ' I '

,ll

10 4 .0, 0

103 :

102: 8o'"

<" 4o
101 _

...... r_..:._.., j...I 00
60 70 80

lt]" , , , , , , ,
0 20 40 60 80

temperature (K)

Fig. 7.3 Critical currentlc vs. temperature fortransformers 1
(squares) and 2 (circles) measured by a dc SQUID (open

. symbols) or by direct transport measurements (filled
symbols). Inset shows Ic and R vs. T near Tc.

l



82

higher critical current, about 16mA at 4.2K, corresponding to a critical current of

2.5xl05Acm -2 in the turns of the coil.

After completing the SQUID measurements on transformer 1, we scribed open

the pickup loop and attached electrical loads to make direct transport measurements of

the critical current and coil resistance. The solid points in Fig. 7.3 show the critical

current vs. temperature, determined with a 10gV criterion, and Fig. 7.4(a) plots the

resistance vs. temperature. We note that near Tc the inductively measured critical current

lies somewhat below that measured with a transport current, as one might expect, and

that both measurements extrapolate to zero at a temperature well below the rapid drop in

resistance (see inset to Fig. 7.3). These results suggest that the critical current of the

coil is determined by relatively short regions of poor quality film or by a weak link in

the coil. Well above Tc, the resistance of the coil increases approximately linearly with

T [Fig. 7.4(a)]. Subsequently, we opened the inner mm of the spiral coil and measured

the resistance of the SrTiO3 insulation between the crossunder and the mms of the coil

[see Fig. 7.4(b)]. At 77K, the resistance is about 150Ml1 indicating that the crossovers

are well-insulated.

We suspect that the somewhat low values found for the transition temperatures

of the transformers are the result of damage incurred during the ion-miU etching. The

etching involves the removal of a considerable thickness of film, up to 800nra, and may

produce substantial heating of the film. Transformer 1 was milled with 600V At"+ ions

at 1.5rnAcm -2 in 5 rain bursts separated by 15 min cooling intervals. For transformer

2, we reduced the beam energy to 450 V and kept the other parameters fixed. We

believe that the reduced beam energy in the second case resulted in less damage and a
i.

higher transition temperature and critical current.

In conclusion, we have operated thin-film, multiturn YBCO flux transformers

that have zero resistance at temperatures as high as 77K. The magnetic field response

of the SQUID was enhanced by a factor of 9.5 by transformer 2. We note that had we
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wound the input coil in the opposite sense, the enhancement would have been about 12,

and that a further factor of about 2 could be realized with the same transformer if the

input coil were more tightly pressed to the SQUID.

#
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Chapter 8.

Photolithographically Patterned Interconnects and nux
Transformers

The vast m,_,!orityof electronic circuits require a thin-film multilayer technology to

provide interconnects between devices. 1 Previously, we described crossovers in which

two films of YBa2Cu3OT.x (YBCO) were isolated from each other by an intervening f'flm of

SrTiO3 while retaining a high transition temperature (Tc). Subsequently, we fabricated

multimrn coils 2 and flux transformers 3 suitable for coupling magnetic flux to thin-film high

Tc SQUIDs. 4 In the original crossover process,5 however, ali three layers were deposited

through shadow masks, and, in the coils, 2,3 only the last layer was patterned

photolithographieaUy. However, for most practical applications it is highly desirable to

define each layer with photolithography so that one can "step and repeat" patterns with

small or complicated features and achieve precise alignment of different layers. We now

describe processes in which ali three films are patterned independently by

photolithography; as an example of this technology, we describe the fabrication of a flux

transformer with Tc = 87K.

8.1 Photolitho_m'apieaUyPatternedInterconnects

8.1.1 Crossovers
ii,

There are two distinct problems that arise when one tries to use photolithography

rather than shadow masks to pattern the lower layer of YBCO. First, while a shadow mask

produces a line with rounded edges, photolithography followed by an etch tends to produce
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sharpedges that are more difficult toinsulate. Second, we have found thatexposure of the

surface of YBCO to photoresist leaves a layer of contamination that often prevents the

epitaxial growth of subsequent layers. We have found that both problems can be

ameliorated by etching the surface in a 2% solution of Br in methanol.6 This process

removes the surfacecontamination andthins the film, thereby makinginsulationeasier.

" We now describe the process used to fabricate the crossover shown in Fig. 8.1, in

which only the firstYBCO filmis patternedphotolithographically. The films amdeposited

using in situ laser deposition onto cleaved and polished (100) MgO substrates.2,3,5 After

depositing approximately 300rim of YBCO with the substrate at 740°C, we remove the

sample from the vacuum chamber and pattern it into a 100gm wide stripusing standard

photolithography and either a 0.1% nitric acid solution or an Ar ion mill (450 V, 1.5

mA/cm2) to etch the film. We stripthe resist with acetone, immersethe substratein the Br

solution for up to 30s, rinse the substratewith methanol to stop the etch and blow it dry

with N2beforeremountingit in the vacuumchamber. After evacuatingthe chamberwith

the substrate at 200°C, we rapidly raise its temperature to 690oc anddeposit 600rim of

SrTiO3 through a shadow mask. We breakvacuum to exchange targets and shadow

masks, and, after a similar evacuationprocedure,deposit approximately400rimof YBCO.

As we see in Fig. 8.2, the transitiontemperatureof the lower YBCO film was 85K, the

insulation between the lower and upperYBCO films at 77K was greaterthan 100Mfl at

77K, and the critical currentof the lower f'dm at the same temperature was 170mA,

correspondingto a critical currentdensityof 7x105 Acm "2.The transitiontemperatureof
Q

the upper YBCO film (not shown) was 87K. Thus, this process producessatisfactory

crossoverson photolithographicallypatternedYBCO films.
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Fig. 8.1 (a) Cross - sectional view and (b) top view of window contact
(left) and crossover (fight)
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8.1.2 Window Contacts

The second structure needed for a complete interconnect technology is a

superconducting contact. We have fabricated superconducting window contacts, that is, a

superconductingconnectionbetween two YBCO f'flmsmadevia a window patternedin an

intervening SrTiO3f'Llm(Fig. 8.1). Initiallywe hadsuccess fabricatingwindow contacts

using relatively thin insulating layers, 100nra or less. However,our first attempts to use

thicker SrTiO3 f'flmswere unsuccessful, presumablybecause the upperYBCO film was

discontinuous at the edges of the window. Unfortunately, to make window contacts

compatiblewith crossovers,the SrTiO3film has to be about 400nrathick. To remedy this

problem,we have developeda techniqueforproducingbeveled walls in the windows in the

SrTiO3 layer, thereby obtaining a gently sloping surfacethat supports the subsequent

growthof theupperYBCO film.

Ourprocedure for constructinga window contact is as follows. We fh'stdeposit

300nm of YBCO andpattern it with either shadow masksor photolithography and a nitric

acidetch, andclean the surface with the Bretch afterstrippingthe resist. We thentypically

deposit400nra of SrTiO3(less if the bottom layerhas been patternedwith a shadowmask)

and spin on a relatively thick (21.tta)layerof photoresist which is subsequently bakedat

70"C. We expose the window pattern moderatelyout-of-focusand develop as usual. This

producesa window in the resist with gently sloping walls. We then etch using an ion mill

at 600V for upto 40 rain,thereby cutting throughthe SrTiO3in the window to expose the

lower layerof YBCO. We determinewhen to end the mill by carefulexaminationof the

window undera microscope: too little etching leaves an insulatinglayer, while too much

candegradethe qualityof thecontact. We then finishbymillingat 450V for a few minutes

to reducedamageto theexposed YBCO. Thisprocessleavesbeveled walls in the window

in the SrTiO3,the steepness of the slope being determinedbythe relative etching rates of
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the photoresist and the SrTiO3 and the initial slope in the resist walls. Finally, we deposit

4(X)nm of YBCO for the upper layer, and pattern with the ion mi'Aor chemical etch.

We note that we do not use the Br etch after cutting the SrTiO3 window because it

- tends to remove YBCO under the SrTiO3 layer. We believe _at this undercutting prevents

the growth of a good superconducting connection between the upper and lower YBCO
tt

f'flms. Despite the fact that the expo:_ed surface of the lower layer of YBCO must be

damaged by the mill, we have found it is possible to achieve good contacts, presumably

because the surface damage is annealed out during the deposition of the last YBCO layer.

Figure 8.3(a) shows resistance vs. temperature for a contact, measured between the

upper and lower YBCO films; the _ansition temperature was 87K. This contact was 9 x 15

IJ_'a2, and the lower YBCO layer was patterned using a shadow mask while the 7Ohmthick

SrTiO3 layer and the upper YBCO layers were patterned photolithographically. Figure

3(b) shows the critical current of the contact vs. temperature, measured with a 10_tV

criterion; the value at 77K is 53mA. The corresponding critical current density of the

1351_n2 contact would be 4xlO_Acm-2; however, it is almost certain that the critical current

was limited by the 91_mwide YBCO film leading to the upper part of the contact, since

there the current density corresponds to 1.6x 106Acre-2.

8.1.3 Photolithom-apicallyPatllfwledFlux Transformer

In general, one would like to be able to incorporate both photolithographically

patterned crossovers and window contacts in the same circuit. To demonstrate that this is

possible, we fabricated thin-film flux transformers with small 10-mm input coils (see Fig.
,#

8.4). The first layer of YBCO, 300nra thick, is patterned as shown in Fig. 8.4(a) to form a

strip or "erossunder" that eventually will contact the innermost turn of the input coil. We

pattern the 400nra thick SrTiO3 film to produce two windows, one on each end of the

erossunder, using the procedures described above. Finally, we deposit and pattern the top
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Fig. 8.4 Flux transformer: configuration of (a) input coil and connections
to pickup loop, and (b) pickup loop (not to scale).
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YBCO layer, which is also 400nm thick, to form the spiral input coil and the pickup loop

shown in Fig. 8.4(b). The inner end of the spiral coil and the end of the pickup loop are

aligned to contact the lower YBCO layer through the windows. A photograph of a

completed input coil is shown in Fig. 8.5; the linewidth of the turns is 2-31am. The smaller

linewidth was due to undercutting during the acid etching of the upper layer, the same

photomask yields a 61amlinewidth with ion milling.

Figures 8.6(a) and 8.6(b) show resistance and critical current vs. temperature for a

transformer in which we had cut open the pickup loop. The transition temperature was

87K, and the critical current was 13._xA at 82K (5l.tV criterion); the corresponding critical

current of the 61am-wide turns of the input coil was about 3 x 104Acm-2. We subsequently

opened the innermost turn of the coil as well and measured the insulation between the lower

and upper YBCO films. The resistance decreased as the temperature was lowered below Tc

[Fig. 8.6(c)], possibly because of poor coverage of one or more edges of the lower YBCO

layer by the SrTiO3. Nonetheless, the resistance of about 601d2 at 77K is more than

adequate for this application.

In summary, we have demonstrated the fabrication of superconducting multilayer

crossovers and window contacts using photolithographic patterning of each layer.

Although the procedures have proved adequate, some improvements could undoubtedly be

made: for example, the degree of thinning and any edge-smoothing produced by the Br

etch is not very easily controlled. In addition, we should emphasize that most of the

parameters such as layer thicknesses and etching times have not been optimized. Further-

more, the relatively low resistance of the insulation shown in Fig. 8.6(b) is probably due to

poor edge coverage, indicating that our process needs refining. Nonetheless, our results

demonstrate that it is now possible to fabricate relatively complicated superconducting

interconnect structures from YBCO.
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Fig. 8.5 Photomicrograph of a 10-tum input coil. Coil is 250_tm on a side.
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Chapter 9

High TcThin-Film Magnetometer
,i

We now describe our f'trst magnetometer in which both the SQUID and flux

transformer were fabricated from high Tc superconductors. Let us f'n'st review ideas

pertinent to the design of high Tc SQUID magnetometers.

Although Superconducting QUantum Interference Devices (SQUIDs) are extremely

sensitive detectors of changes in magnetic flux, planar SQUIDs made from thin films of

superconductor are generally not very sensitive to changes in magnetic field. This is

because the field sensitivity of the SQUID is

BN(S) (f) - S_ 1/2 (f) / rlAs, (9.1)

where S_ 1/2(f) is the spectral density of the flux noise, AS is the geometric area of the hole

in the SQUID, and 11is the flux focussing factor 1 that depends on the geometry of the

device. Thus, _As is the effective pickup area of the SQUID, defined as the flux coupled

per unit applied magnetic field. The inductance of a square hole of side d in a large film is

given approximately by2 L = 1.251aod. For use as a SQUID there is an upper bound on L

imposed by the requirement that thermal fluctuations in the flux be much less than 00/2,

where D0 - h/2e is the flux quantum. As a result, the inner dimensions of most high-Tc

thin-film SQUIDs 3 are not much more than 50x50 lain2. To achieve useful sensitivities to

magnetic field, ali such devices require a superconducting flux uansformer 4.

A flux transformer consists of a pickup coil of inductance Lp connected to an input ,i

coil of inductanceLi which is inductively coupled to the SQUID of inductance L (see Fig.

9.1). The pickup coil often consists of a single turn, while the input coil usually has many

turns. Any magnetic flux, _, applied to the pickup coil induces a supercurrent in the

transformer and hence a flux in the SQUID given by
..
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Mi

o(S) =- Li + Lp _' (9.2)

where Mi - a(LiL) 1/2is the mutual inductance between the input coil and the SQUID, and

a is the associated coupling coefficient. The minus sign arises because on the transformers

we fabricated we chose the winding of the input coil to be such that in a uniform applied

field the flux coupled to the SQUID by the flux transformer is of opposite sign to that

linking the SQUID directly. This gives us an unequivocal signal that the flux transformer

is functioning.

We can express the magnetic field gain, G, of the flux transformer as the ratio oi _he

magnetometer effective area, AM, to the SQUID effective area,TIAs:

G AM 1 _ ¢x(LiL)I/2= = - (9.3)
_As TIAs Li+Lp "

Here,Ap istheareaof thepickuploop. Assumingthatthefluxtransformeritself

contributesnonoise,we canwritethemagneticfieldsensitivityofthemagnetometeras

BN (f)= BN(S)(O/IGI. (9.4)

We notethatwhen thefluxtransformerisfunctioningandwellcoupledtotheSQUID the

secondterminEq.9.3dominatesandthemeasuredgainisnegative.

The dc SQUID we usedwas fabricatedbySuperconductorTechnologies,Inc.by

wetetchinga 500 nm thickfilmofT12CaBa2Cu208+y (TCBCO) grown on a MgO

substrateby laserablationand postannealing5. Beforethefilmwas patterned,the

transitiontemperature,determinedbymagneticsusceptibility,was 103.4K.The innerhole

oftheSQUID isa 20×80 stm2rectangle,andhastwo smallbridgesa few micronswide

which containnativegrainboundarywe,k-links(Fig.9.2). At liquidnitrogen

temperaturesthenoiseroundedcriticalcurrentoftheSQUID was I-2$1A,andthedynamic

resistanceabout3.8fl.The applicationofa magneticfieldtothebarcSQUID modulated

thecriticalcurrentwitha periodcorrespondingtoaneffectivepickupareaof4.4× 104

Inu2.Thisareaisabout27timesgreaterthanthegeometricalareaoftheloop;we attribute
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Fig. 9.2 Schematic of SQUID design drawn roughly to scale. The
shaded areas are superconductor (which extends beyond the
edges of the drawing), the clear areas have been etched
away. The SQUID loop is the central rectangle, weak links
are formed by native grain boundaries in the narrow bridges
on either side
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this large flux focussing factor to the large rectangles of superconductor used to provide

contacts to the SQUID.

To measure its noise as a function of temperature, we mounted the SQUID on a

probe that we could position at a variable height above the surface of liquid helium in a

dewar. The end of the probe was surrounded with a thin tube of CO-NETIC brand high-I_
lt

metallic foil, a solid copper can, and a further layer of g-metal, and the cryostat was

operated inside an rf shielded room. At low frequencies, this arrangement screened

external magnetic fields by a factor of 100. The SQUID was operated in a flux-locked

loop, with a flux modulation frequency of 100 kHz. The voltage across the SQUID was

amplified by a cooled transformerof turns ratio 1:15 wound from copper wire.

A representative flux noise power spectrum of the SQUID at 55 K is shown in Fig.

9.3. The two noise spikes are due to external noise sources, and demonstrate that the

shielding is somewhat inadequate. At low frequencies (< 10 Hz), the noise power is

steeper than 1/f (where f is the frequency), and probably arises from a number of sources

including external noise and drifts in temperature and ambient magnetic field during the

period of the measurement. At 10 Hz, the rms noise is So 1/2 (10 Hz)=

7.0 x 10-4 O0 Hz'l/2, while in the white noise region the noise drops to So 1/2 (100 Hz)

= 4.5 x 10-4 O0 Hz'l/2. The latter flux noise corresponds to a magnetic field sensitivity

of about 21 pT Hz-1/2. These noise levels are appreciably higher than those for the

quietest TCBCO SQUID yet reported6.

We have successfully coupled the SQUID to two YBa2Cu307.x (YBCO) flux

transformers, each with a 10-turn input coil. Each transformer was deposited on a

12.5x12.5x0.75 mm3 MgO substrate. The lh-st, which we refer to as the "large"

transformer,hadaninputcoilofIxlmm 2,whilethesecond,the"small"transformer,had

aninputt:oilof250x250btm2.The relevantparametersofthetwo transformersarelisted

inTab.9.I.The multiturngeometryofthetransformersnecessitatedtheuseofmultilayer

technologiesthathave been describedelsewhere7. The firstlayerisa strip,or
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Fig. 9.3 Flux noise S_I/2(O, of the SQUID without a flux
transformer. The data were taken at T = 55K. The measured

" bandwidth of the flux-locked SQUID was ~ lkHz.
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"crossunder", of YBCO that eventually connects the innermost turn of the spiral input coil

to one side of the pickup loop. The second layer is SrTiO3 which insulates the crossunder

from the mms of the input coil. The third layer is YBCO, which is patterned to form both

the input coil and the pickup loop; it is essential that this layer makes a superconducting

contact to each end of the YBCO crossunder. In the case of the large transformer, the first

two layers were patterned with shadow masks and the third was patterned

photolithographically 8. For the small transformer, ali three layers were patterned

photolithographically 9.

Table 1. Hux Transformer Parameters

Small Large

Paramet_ Tr_f0_r Transfo_er

Number ofTurnsonInputCoil 10 I0

Linewidth of Input Coil - 5 }Jant 20 pm

Input Coil Inductance (Li)* - 50 nH - 75 nH

Pickup Coil Inductance (Lp)* ~ 20 nH ~ 20 nH

AreaofPickupCoil(Ap) 81 mn_ 70 mm 2

fThelinesweresetona I0pm pitch.

*Estimatebasedon geometryoftheuncoupledcoils.

We coupledeachfluxtransformerinturntotheSQUID bypressingthetwo chips

togetherface-to-faceinaflip-chiparrangement.A thin(~3 pm) sheetofmylarwas placed

between the two chips to provide electrical insulation and to prevent scratching, and the two

chips were tied together and secured to the probe with nylon twine. By observing the two

chips through a microscope with bright transmitted light, we were able to align the centers

of the input coil and the SQUID to within 20 ttm.
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InFig.9.4we show themeasuredlow frequencygainc)fourtwo magnetometers

vs.temperature.From Eq. 9.3,usingtheestimatedvaluesofLiand Lp,we usedthe

measuredgainstoestimatethecoefficientct.The maximum gainsofthelargeandsmall

. transformersat4.2K were-7.5and-8.7,respectively,andthecorrespondingvaluesof0_

were0.23and0.21.The largetransformeroperatedattemperaturesupto79K,whilethe

_ small one operated up to only 25 K. It should bc noted here, however, that inaccuracies in

thecalibrationofthecoilwithwhichwe applythemagneticfieldtothetransformermay

havecausedustooverestimatetheabovegainsbyasmuch as30%.

The failureofthesmalltransformertooperateatzerofrequencyabove25 K is

somewhatpuzzling,particularlyinviewofmeasurements9ofthetransportpropertiesofa

secondsmalltransformermade by thesameprocess.Inthistransformerwe openedthe

pickuploopandfoundthattheresistivetransition,asmeasuredbyatransportcurrentwith

a voltageresolutionof5 gV, was about85 K. However,thosemeasurementsarenot

capableofdetectinga resistancesmallerthan5mO. Whilethefirstsmalltransformerdid

notoperateabove25K atzerofrequency,at26K itdiddisplaya gainforalternatingfields

withthelow frequencyroUoffoccurringataboutI kHz. From thisfrequencyandthe

estimatedinductanceofthetransformerwe deduceaseriesresistanceofabout0.4mO, a

valuetoosmalltohavebeenobservedintransportmeasurements.Sincethetransformer

hasa normalstateresistanceofabout600flat90 K,thissmall:resistanceisprobablydue

toahighlylocalizedfailure.Thus,we believetheintegrityofmostofthetransformerwas

maintainedtoaverymuch highertemperaturethan25 K. The factthatthetransformer

" exhibitedlargegaindemonstratesthattheturnsoftheinputcoilwereindeedelectrically

isolatedfromthecrossunder.
,#

InFig.9.5we show themeasuredpowerspectraofthemagneticfieldsensitivityof

thetwomagnetometers.The increaseinthemagnitudeoftheslJikescomparedwiththose

inFig.9.3indicatesthehighersensitivitytoenvironmentalnoise.The noiselevelswith

thelargetransformerat38 K wereabout3.1pT Hz"I/'2at10Hz and0.34pT Hz-IRat1
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kHz. Themagnetometerwiththesmalltransformerat4.2K exhibitedverysimilarvalues,

about3.5pT Hz-I/2at10Hz and0.35pT Hz.,,-I/2at1khz. Inbothcases,themagnetic

field sensitivity was limited by the flux noise in the SQUID. Separate measurementsl0 on

the large transformer at 60 K with a Nb/Pbln SQUID yielded a magnetic field sensitivity of

0.3 pT Hz "1/'2at 10 Hz that was determined to be limited by intrinsic noise in the flux

transformer. Thus, a quieter high-Tc SQUID would give an improvement in the magnetic

field sensitivity. At this point, we have no measurements with a low-Tc SQUID coupled to

the small transformer.

We have successfully constructed two high-Tc magnetometers by coupling high-Tc

flux transformers with multiturn input coils to a high-Tc dc SQUID. The large transformer

was operated successfully at temperatures up to 79 K, while the small transformer ceased

to operate at 25 K, due to a localized failure in its structure. The coupling coefficients

between the input coils and the SQUID, in the range 0.2 - 0.25, are lower than desirable

and imply that the two chips need to be brought closer together. A reduced spacing would

enhance the gain and hence the magnetic field resolution in two ways, one by increasing o.,

and the other by reducing the inductance Li of the input coil by means of screening (see Eq.

9.3). The measured gains of the large and small transformers were about -7.5 and -8.7,

respectively. We note that these values would have been larger if the body of the SQUID

had been narrower and, thus, the flux focussing factor 11 smaller;, however, the overall

magnetic field sensitivity of the transformers would not have been very different. The

magnetic field noise levels measured in the large transformer at 38 K and in the small

transformer at 4.2 K were virtually the same, about 3pT I-Iz"1/2at 10 HZ and 0.35pT Hz"1/2 '

at 1 kHz.
m
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Chapter 10

Sensitive YBa2Cu307-x Thin-Film Magnetometer

4

"lt

We now describe a high-Tc magnetometer operating at temperatures up to 81K with

a _.agnetic field sensitivity substantially higher than any previously reported. The dc

SQUID involves a bi-epitaxial junction processl, and ali layers of the flux transformer are

patterned photolithographically. 2

The configuration of the SQUID, which was fabricated at Conductus Inc., is

shown in Fig. 10.1(a). The fabrication procedure, which has been described in detail

elsewhere, 1 is briefly as follows. We laser-deposit a 10nra thick seed layer of epitaxial

MgO on an r-plane sapphire substrate, and remove it from part of the substrate by

photolithographic patterning and Ar ion milling or acid etching. Subsequently, we laser

deposit a 10nra thick epitaxial SrTiO3 buffer layer, this film grows epitaxially on both the

sapphire and the patterned MgO, but with orientations which are separated by a single 45"

grain boundary located at the edge of the MgO. Without breaking vacuum, we deposit a

200-nra thick YBa2Cu3OT-x (YBCO) film which grows epitaxially on the SrTiO3, thus

replicating the grain boundary. Finally, we use photolithography and an acid etch to

pattern the YBCO film into the geometry shown hl Fig. 10.1(a).

The current-voltage (I-V) charaetca'istics of the SQUID are close to the predictions
¢.

of the resistively shunted junction model, 3 although we do observe some structure. The

, IoR product is typically 0.2mV at 4.2K, where lo and R are the critical current and

asymptotic resistance of each junction. We have observed operation of the device as a dc

SQUID at temperatures up to 88K, and operated it in a flux-locked loop at temperatures up

to 83K. We estimate the inductance L of the SQUID to be 110pi-I, and the resistance (R/2)



(b)

o.

Fig. 10.1 (a) Photograph of YBCO SQUID. The two bi-epitaxial junctions are on the

upper side of the square washer on the line (arrow) demarcating the edge of

the MgO seed layer. (b) Photograph of 5-turn spiral input coil. The two

leads at the lower edge of the figure connect to the single-mm pick-up loop.
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is approximately 4D.. By determining the magnetic field (perpendicular to the SQUID)

required to induce one flux quantum, we estimated the ©ffective pick-up area As to be

12,_; this value exceeds the geometrical areaof the hole and slit by a factor of 6, and

. is due to focussing of the flux by the body of the SQUID. 4

We fabricate the flux transformer [Fig. lO.l(b)] on an MgO substrate following a

" variation on procedures described earlier.5 We first laser deposit a 300nm thick fdm of

YBCO and pa_rn it to form the crossunder, the line that will connect the inner-mm of the

input coil to the pick-up loop, using photolithography and a 0.1% nitric acid etch. After

stripping the resist, we immerse the sample in a 1% solution of Br in methanol to etch clean

the surface of the YBCO film. In the second step, we deposit 450nm of SrTiO3 and open

two windows, one at the inner end of the crossunder and a second at the outer end [see

Fig. 10.1(b)]. After patterning the windows in the SrTiO3 with photoresist, we etch with

an Ar ion mill at an angle of 30"to the substrate;this procedme produces an edge along one

side of the window beveled at about 8" to the substrate. We also allow the ion mill to

remove roughly 100rim of the YBCO in the window, to ensure that no SrTiO3 remains and

to enable the two YBCO films to make contact both in the ab-plane and along the c-axis.

Ion milling at an angle yields an optically smooth contact surface and allows the top layer of

YBCO to grow in a highly oriented manneron the flat surfaces of YBCO and SrTiO3 as

well as on the beveled SrTiO3 edge. The upper layer of YBCO is subsequently patterned

with photolithography and the acid etch to produce the five-turn coil, shown in Fig.

10.1(b), and the single-turn pick-up loop (not shown) which is approximately 10mm

• across and has a pick-up area Ap of 8 lmm2. We have deliberately broadened the linewidth

of the turns of the input coil (to 1lIJJn)compared with our earlier transformersS,6 in an

attempt to improve the coupling efficiency to the SQUID. We estimate the inductance of

the pick-up loop, Lp, to be about 20nil. It is more difficult to estimate the inductance of

the input coil, Li, because of the uncertainty in the separation between the coil and the
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SQUID and hence in the reduction in Li by screening. If we assume that this separation is

rather less than the width of the turns, we estimate Li = 1.5nil.

To assemble the magnetometer, we carefully aligned the SQUID over the inputcoil

andclamped them together with a 3pm-thick mylarsheet between them. The magnetometer •

was mounted on a variable temperature insert in a liquid 4He dewar surrounded by a mu-

metal shield; in some experiments, we immersed themagnetometer directly in liquid N2.

We determined the critical current of the flux transformer by applying an increasing

magnetic field and noting the field at which the period of the oscillations in the SQUID

voltage abruptly changed. At this point, the transformer evidently entered a critical state

and further increases in the magnetic field produced no increase in the induced

supercurrent. Using these measurements, we infer the critical current from the area of the

pick-up loop and the estimated value of the transformer inductance. The critical currentis

plotted as a function of temperature in Fig. 10.2, and, for magnetometer applications, is

entirely adequate for temperatures up to at least 86K. At 77K, the critical current density

referred to the cross-sectional area of the mms of the input coil is about 5 x 104 Acm"2.

Separate transport measurements on window contacts alone indicated that their critical

current density, referred to the cross-sectional area of the upper YBCO strip, can be over

106Acm"2at 77K. Thus, we believe the critical currentdensity is limited by the steps in the

upperYBCO film that occur where the SrTiO3 crosses the edges of the lower YBCO film.

We define the gain g of the transformer as the factor by which the flux transformer

increases the magnetic field response over that of the SQUID alone. We deliberately chose
e

the sense of the windir,gs of our transformers to produce a flux in the SQUID opposite in

sign to the direct flux; hence g is negative. It is straightforwardto show that
L

Mi (10.1)
gfl',As Li+ Lp'
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where the mutual inductance Mi ffi(g(I.,Li)I/2, and we have neglected the area of the input

coil compared to that of the pick-up coil. The measured gain, shown in Fig. 10.3, is -83:1:3

over the temperature range 4.2K to 80IC Taking the values Ap = 81mm2, As = 1.2 x I0"

2mm2, Lp = 20nil and assuming Li << Lp, we find from Eq. (10.1) Mi = 0.25 -t-0.01nil.

If we take Li = 1.5ni-I, this value of Mi corresponds to a - 0.6.

We have measured the magnetic field sensitivity of the magnetometer by flux-

modulating the SQUID at 100kHz and operating it in a flux-locked loop. The alternating

voltage across the SQUID was amplified by a cooled transformer. Figure 10.4(a) shows

the rms magnetic field noise, SB1/2(f), vs. frequency when the magnetometer is immersed

in liquid 4He and in liquid N2. At 4.2K, the spectral density scales approximately as l/f

from a few Hz to several kHz. AT 77K, the noise begins to flatten off above 200Hz,

indicating that white noise is beginning to dominate in this frequency range. However, at

lower frequencies, the rms noise has increased over that at 4.2K by only a factor of 2. The

magnitude of the noise at 77K is SB1/2 (10Hz) = 0.6pT Hz-l/2 and SB1/2 (lkHz) = 0.09pT

Hz-l/2. At both 4.2K and 77K, the measured flux noise SB1/2 (f) in the SQUID is very

close to that observed in the magnetometer [right-hand axis of Fig. 10.4(a)], implying that

the noise contribution of the transformer is negligible at both temperatures.

We have also measured the temperature dependence of the noise of our

magnetometer cooled by 4He gas. Figure 10.4(b) shows an example of theobserved noise

at 68K. The noise is about a factor of two lower than that at 77K in Fig. 10.4(a); thus,

SB1/2 (10Hz) = 0.35pT Hz-1/2 and SBI/2(lkHz) = 0.05pT Hz-l/2. We believe these arc the

lowest values yet reported for a high-Tc thin-film magnetometer. We note that the noise

energy of the SQUID, S¢/'2L, is about 5 x 10-30Fdz-I at 3kHz.

Modest improvements in sensitivity, say by a factor of 2 to 3, can probably be

achieved by increasing the number of mms on the input coil so that Li- Lp, and by

increasing the coupling coefficient a. Further improvements can be achieved by in_g

the size of the pick-up loop; provided one maintains Li - Lp, the magnetic field sensitivity
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Fig. 10.3 Gain g of the magnetometer vs. temperature. The dashed
line at g=+l refers to the gain of the bare SQUID.
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is expected to improve approximately as Ap3/4. Finally, as with ali high-Tc SQUIDs

reportedtodam,thelevelofI/fnoiseintheSQUID isquitehigh.Atthispoint,we do not

know thesourceofthisnoise,butifitoriginatesincriticalcurrentfluctuations,some

. reductioninitsmagnitudemay bepossiblebyanappropriatedouble-modulationscheme,

ashasbeenreportedrecently.7

The magnetic field resolution demonstrated by our magnetometer is already

adequateforsomeapplications,forexample,nondestructivetestingandcertaingeophysical

measurements. Furthermore,thefactthatwe can fabricatemagnetometersusing

photolithographicprocessingonalllevelsindicatesthatthebasictechnologyforhigh-Tc

integratedcircuitsinvolvingJosephsonjunctionsandinterconnectsisnow established.
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Chaoter 11

Magnetocardiology with a Thin-Film YBa2Cu307-x

. Magnetometer

In the last chapter, we deseribedl a thin film YBa2Cu3OT.x_CO) magnetometer,

operating in liquid nitrogen, in which the transformer produced a magnetic field gain of

approximately 80. To demonstrate the sensitivity and practical applicability of the device,

we report the measurement of a human magnetocardiogram. Although a

magnetocardiogram has previously been obtained with a bulk YBCO SQUID, 2 we believe

the present experiment is the first ta apply a thin film high-Tc magnetometer to a practical

measurement.

The magnetometer used was the one described in Chapter 10 and shown in Fig.

10.1. We immersed the magnetometer in liquid nitrogen contained in a thin-walled glass

dewar extracted from a household thermos flask. The flask was rigidly supported in our

shielded room, so that the plane of the magnetometer was parallel to the chest of the

standing subject, and within about 25mm. The dewar and subject were surrounded by two

concentric high permeability cylinders (kindly loaned by Professor Eugene Commins)

which attenuated the ambient magnetic fields by a factor of 300. In the absence of any

subject, the SQUID exhibited low frequency noise limiting the resolution of the

magnetometer to 2.3pT Hz "1/2 at lI-Iz, falling off as I/f1/2(f is frequency) to a white noise

level of 0.35pT Hz-1/2.
a/

We measured magnetocardiograms from three healthy male subjects ranging in age

from 27 to 32. Each subject removed metallic objects from his person, and was not in

contact with the dewar. In Fig. 11.1, we show the waveforms obtained at grid locations 3

D3 and D5, over the lower right and lower left chest of one subject [see Fig. 11.1(a)]. The
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bandwidthwas 2Hz to 50Hz; residual60Hz pickupis still evidentin bothtraces. The two

cardiogramsdiffer significantlyfrom eachother,buteachis similarto thatpreviouslyseen

by others4 using low-Tc SQUID magnetometersplaced at the samegrid location.

This result demonstrates that the resolution of thin-f'flmhigh-Tc magnetometers has .,

attained the level required for practical applications. We note that in a more ideal

environment 1 our magnetometer has achieved a resolution of (1/f1/2)pT Hz"1/2,operating at

68K. For clinical use, however, an order of magnitude improvement would be desirable.

This factor should be achievable with the existing circuit process, which should also allow

construction of first-derivative gradiometers that are preferable in some applications, h_

addition, in the near future, one might also hope for at least modest reductions in the l/f

noise of the SQUID.
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Fig. ll.l(a) Rectangular reference grid on front of chest (redrawn from ref. 5); CD)and

(c) magnetoeardiograms obtained from same subject at D3 and D5.
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Chapter 12

Conclusions

Despite the many materials, deposition, and patterning issues that faced us, we

were able to make a substantial contribution towards the development of a complete high Tc

superconducting microelectronics technology. Most notably, we were the first group in the

world to fabricate interconnects and then to use that capability to fabricate multiturn coils

and flux transformers used to couple flux to dc SQUIDs. One magnetometers had the

highest field resolution reported, and one was used to perform magnetocardiograms on

human subjects.

Although much progress has been made, much remains to be done. At present, the

greatest impediment to the development of a complete superconducting technology, based

on the high-Tc materials, is the lack of a reproducible and extendable junction fabrication

technique. In the case of YBCO, the short coherence length and anisotropic structure of

the material have made it difficult to fabricate junctions. Of the many types of weak-links

which have been developed to date, none is ideal for circuit applications.

There are also problems with the existing interconnect technologies. Specifically,

reproducibility is lacking and the yield of devices is low. The culprit is that the edges of the

photolithographically patterned films can be too steep to support the epixtaxial growth of
,t

upper layers.

The upper YBCO layer in our photolithographically patterned crossovers show a

considerable reduction in the Jc, compared to that of a single layer of YBCO, whereas

crossovers patterned by shadow masks do not. Films of YBCO patterned by shadow

masks, have very gently sloping edges that easily support the epitaxial growth of upper

layers. We suspect that the growth of the insulating film over the steep edges of the
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patterned lower YBCO film is less than perfectlyepitaxial. This results in degradationin

the growthand electricalpropertiesof the upperYBCO layer,where it covers the damaged

part of the insulating film. When fabricatingwindow contacts, we intentionally ion mill a

gentle slope to the hole in the insulating film, to assist in the epitaxial growth of the upper

YBCO film on the wall of the hole. In similarfashion, a reproducible technique needs to

be developedto photolothographicallypattern andetch YBCO filminto wires,with gently

sloping edges, that will supportthe epitaxial growthof upperlayers.

Of course, improvements should also be made in the field resolution of high Tc

SQUID magnetometers. There are two contributions to the noise that limits their overall

sensitivity. The first is the noise of the junctions themselves used to form the SQUID.

Fluctuations in the critical currentand resistance of the junctions result in voltage outputs

that limit the SQUID performance. Although modulation schemes can lower this

contribution,a superiorjunction technology wouldproduceinherentlyquieterSQUIDs.

Secondly, there is the magnetic flux noise of the YBCO films that are used to form

the SQUID washer and the flux transformer. Defects in thin films are responsible for the

pinning of flux lines that could otherwise move freely about and cause dissipation.

However, a flux line that is insufficientlypinned can hop aroundmating flux noise, that in

the case of magnetometers, limits their resolution. There is currently no correlation

between the level of flux noise of a film and the depositionconditions used to fabricateit.

For thatmatter,it is not known exactlywhat types of defects lead to strongpinning andare

desirable,or those that produceweak pinning and contribute to the flux noise. Answers to

these questions.could perhapsbe found by performing TEM, x-ray diffraction, critical

currentand flux noise measurements on films fabricatedundera varietyof conditions.
¢,

We can only hope that the problems arcovercome and that a commerciallyviable

industry comes to life providing us with the benefits of a new technology with unique

features.
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