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Abstract

This thesis is concerned with the development of Superconducting Quantum
Interference Device (SQUID) gradiometers based on the high temperature supercon-
ductor YBasCu307_5 (YBCO). A step-edge Josephson junction fabrication process
was developed to produce sufficiently steep (> 60°) step-edges such that junctions
exhibited RSJ-like current-voltage characteristics. The mean I¢Ry product of a
sample of twenty step-edge junctions was 130pV. Step-edge dc SQUIDs with in-
ductances between 67pH and 114pH were fabricated. Generally the SQUIDs had an
intrinsic white flux noise in the 10-30u®,/ VvHz range, with the best device, a 7T0pH
SQUID, exhibiting a white flux noise of 5u®,/ vHz. Different first-order SQUID
gradiometer designs were fabricated from single layers of YBCO. Two single-layer
gradiometer (SLG) designs were fabricated on 10 x 10mm? substrates. The best
balance and lowest gradient sensitivity measured for these devices were 1/300 and
308fT/cmv/Hz (at 1kHz) respectively. The larger baseline and larger flux capture
area of the pick-up loops in a large area SLG design, fabricated on 30 x 10mm?
substrates, resulted in significant improvements in the balance and gradient sensi-
tivity with 1/1000 and 50fT/cm+v/Hz (at 1kHz) measured respectively. To reduce
the uniform field effective area of SLGs and therefore reduce the direct pick-up of
environmental field noise when operated unshielded, a novel gradiometric SQUID
(G-SQUID) device was developed. Fabricated from a single layer of YBCO, the
G-SQUIDs, with inductances of 67pH, had small uniform field effective areas of ap-
proximately 2pum? - more than two orders of magnitude smaller than the uniform
field effective areas of conventional narrow-linewidth SQUIDs of similar inductance.
Two designs of G-SQUID SLGs were fabricated on 10 x 10mm? substrates. Due to
their small effective areas, when cooled unshielded these devices showed no increase
in their white flux noise. The best balance achieved for a G-SQUID SLG was ap-
proximately 1/5000 - an order of magnitude better than the balance of similar SLGs

incorporating conventional narrow-linewidth SQUIDs.
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List of Symbols

The following symbols are used throughout this thesis. Other symbols have

been used occasionally and are introduced as needed.

BL Reduced SQUID inductance

AV Maximum peak-to-peak voltage modulation
r Junction noise parameter

AL London magnetic penetration depth

d Magnetic flux

by Magnetic flux quantum

Amac  Uniform field effective area of one gradiometer pick-up loop

Apar  Parasitic uniform field effective area
Asq  SQUID uniform field effective area
ALp Effective sensing area of a pick-up loop
b Gradiometer balance

B Magnetic field

f Frequency

h Step-edge height

Ic Junction critical current

Jc Junction critical current density
! Gradiometer baseline

Lip Pick-up loop inductance

Lm Mutual inductance coupling SQUID to pick-up loops
Lgq SQUID inductance

Ry Junction normal state resistance

Se Flux spectral density
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Sa

Te
Vo

Field spectral density

Field gradient spectral density
YBayCuzO7_; film thickness
Critical temperature

Flux to voltage transfer function at its steepest point



List of Acronyms

The following acronyms are used throughout this thesis. Other acronyms have

been used occasionally and are introduced as needed.

ac
AFM
de
DCM
FLL
GBIJ
G-SQUID
HTS
ICM .
I-v
LTS
MCG
NDE
PCB
PLD
RSJ
SEM
SLG
SQUID
STO
[SAY

YBCO

Alternating current

Atomic force microscopy

Direct current

Directly coupled magnetometer

Flux-locked loop

Grain boundary junction

Gradiometric superconducting quantum interference device
High temperature superconductivity/superconductor
Inductively coupled magnetometer

Current vs. voltage

Low temperature superconductivity /superconductor
Magnetocardiography/magnetocardiogram
Non-destructive evaluation

Printed circuit board

Pulsed laser deposition

Resistively shunted junction

Scanning electron microscopy

Single-layer gradiometer

Superconducting quantum interference device
SrTiO3

Ultraviolet

Voltage vs. flux

YBagCu3O7_,;
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Chapter 1

Introduction

The Superconducting Quantum Interference Device (SQUID) has been stud-
ied and applied as a sensor for 35 years - the first low temperature superconductor
(LTS) SQUIDs, operating at 4.2K (the boiling point of liquid helium) were devel-
oped in the mid-1960’s 1, 2, 3]. SQUIDs offer unrivaled magnetic flux sensitivity
over a wide frequency range (from dc to GHz), and great versatility, capable of
measuring any physical quantity that can be converted into a magnetic flux - ex-
amples include current, voltage, magnetic field or field gradient, gravitational field
and magnetic susceptibility. The intensity of the research increased significantly
in early 1987 after the discovery of superconductivity in ceramic oxides [4] such as
YBa;Cu307_5 (YBCO) [5] with a superconducting transition temperature T above
77.4K (the boiling point of liquid nitrogen). The prospect of high temperature su-
perconductor (HTS) ceramic compound SQUIDs offering the performance levels of
the LTS SQUIDs, without the need for liquid helium, offered great potential for
commercial application in medical and engineering fields (see for example [6] and
[7]). The main advantages over the LTS technology being that liquid nitrogen is
more abundant and much cheaper than liquid helium, and that liquid nitrogen has
a much slower boil off, for a given heat load, than liquid helium. Alternatively there
is the option to cool HTS devices without the need for any liquid coolant by using
a cyro-cooler (8], making SQUID sensors more easily portable and user friendly for
potential commercial application.

With any sensor, three key criteria must be met if the device is to be successful
in an application: (1) it must have adequate sensitivity to detect the signal to be
measured; (2) it must have sufficient selectivity to discriminate against unwanted

signals; and (3) it must have the stability to operate reliably over a sufficient period



of time in the environment in which the signal is to be measured. After nearly fifteen
years of research, many of the challenges that faced HTS SQUIDs in meeting the
first of these criteria have been overcome; more recently the challenges have been in
meeting the latter two of the above requirements. The work presented in this thesis
represents a small contribution in the worldwide effort to develop HT'S SQUIDs.
The operation of the SQUID is based on two physical phenomena inherent
to superconducting materials: flux quantisation and Josephson tunneling. The re-
mainder of this chapter provides a background to the necessary theory to understand

SQUIDs, their operation and their optimisation.

1.1 Superconductivity

Superconductivity, a phenomenon found in a wide range of materials, from
metals to organic compounds, is characterised macroscopically by two physical phe-
nomena which occur below the superconducting transition temperature T¢: (1) the
loss of electrical resistance to dc current flow; and (2) the expulsion of magnetic flux
from the body of the superconductor (the Meissner effect). The absence of electri-
cal resistivity has been established within the limits of experimental detection from
the lack of current decay in a superconducting loop. The Meissner effect occurs in
all superconductors, though perfect flux exclusion will only occur in bulk samples
satisfying the condition that the length of the sample parallel to the field is much
greater than the other dimensions of the sample. In the presence of an external
magnetic flux, circulating supercurrents flow within a depth A, of the surface of the
superconductor generating a flux that opposes the external flux - A, is known as
the London magnetic penetration depth. The net effect is the expulsion of magnetic
flux from the bulk of the superconductor.

As a superconductor is cooled below its transition temperature, the electrons
form Cooper pairs (Bosons) and condense into a single quantum mechanical state

with each pair having the same phase and momentum - a single wavefunction



U(r) = |¥|e*™ (where ¢ is the phase) represents the system of Cooper pair charge
carriers with each pair exhibiting coherence over a distance &, the coherence length.
The phase is constant for all the superconducting electron pairs provided there is no
current flowing through the superconductor and there is no external magnetic flux,
®. However when there is a current flowing or ® is non-zero the phase between two

points in the superconductor becomes in general non-zero.

1.1.1 Flux quantisation

SQUIDs combine two physical phenomena, Josephson tunneling (discussed be-
low in Section 1.2) and flux quantisation. If one considers a closed loop of supercon-
ducting material enclosing a non-superconducting region, and that the wavefunction
describing the Cooper pairs in the superconductor must be single valued, it is clear
that the net change in phase on going once round the loop on any path must be zero
or a multiple of 2m. For this condition to be satisfied in the presence of an applied
magnetic flux, the screening currents, generated to depth Ay in the loop, must act

such that the flux threading the superconducting loop ® is quantised where
d = nd,, (1.1)

where n is an integer and ® = h/2e = 2.07 x 10~®Wb is the flux quantum. The

property of flux quantisation was first demonstrated experimentally in 1961 [9, 10).

1.2 Josephson Junctions

1.2.1 The Josephson effects

The active element of the SQUID, the Josephson junction [11], consists of two
weakly coupled superconducting electrodes, in practice realised by separating the
two superconductors by a thin barrier. The barrier is typically formed from a nor-

mal conductor or an insulator, and in HTS also by a grain boundary in the ceramic.



Provided there is sufficient coupling between the two electrodes (i.e. there is suf-
ficient overlap of the wavefunctions describing the superconducting state in each
electrode), superconducting electron pairs can tunnel through the weak link barrier
without energy loss up to the maximum supercurrent the junction can sustain -
the critical current Ic. On tunneling through the barrier the wavefunction of the
superconducting electron pairs undergoes a phase change § that is dependent on
the magnitude of the current flow I through the junction. This is known as the dc

Josephson effect, represented by the following equation
I= Icsiné. (12)

When the bias current is increased above I a voltage appears across the junction

and ¢ varies with time as

@_%V 13
dt @’ (1.3)

where V' is the time averaged voltage across the junctions and @, is the flux quantum.
From Equations 1.2 and 1.3 it is clear that in the voltage state there is a current

oscillating through the junction with a Josephson frequency of w; = 27V /®,. This

is known as the ac Josephson effect.

1.2.2 The RSJ model

A typical LTS Josephson junction has hysteretic current-voltage (I-V) char-
acteristics - the voltage across the junction switches abruptly to a non-zero state
as the direct current bias is increased above I but returns to zero only when the
bias is decreased well below Ic. For most practical applications, a shunt resistance
Ry is connected in parallel with the LTS junction to suppress this hysteresis. The
resistively shunted junction (RSJ) model which describes the characteristics of this

shunted junction, was independently suggested by Stewart [12] and McCumber [13]

and is shown schematically in Figure 1.1(a). The ideal junction element has a

critical current I¢ and is in parallel with the elements representing the junction’s
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Figure 1.1: (a} The equivalent circuit of a resistively shunted Josephson junction. (b) Hysteretic
and (c¢) non-hysteretic junction I-V characteristics.

self-capacitance C' and the shunt resistance Ry. The current flow I through the

circuit is given by

vV dVv
I = Icsind + — —_. :
csind + i +C T (1.4)
Using Equation 1.3 and the normalisation parameters 7 = t(2rIcRx/®;) and

i = I /Ic Equation 1.4 can be written as

L. dé d?6
i = sind + E + 60:1?, (15)

where (¢ is the McCumber parameter given by

2rIcRN2C
fo= TCNT (16)
0
For B¢ > 1 the junction I-V characteristics will be hysteretic as shown in Fig-

ure 1.1(b), while for values of Bc < 1 this hysteresis is suppressed. In the limit of

Bc = 0 Equation 1.5 can be solved exactly yielding V = 0 for I < I, and

V=RywWI - I, (1.7)

for I > Ic as shown schematically in Figure 1.1(c). HTS Josephson junctions are
generally intrinsically shunted with 8¢ small enough such that the I-V characteris-

tics are non-hysteretic - except at operating temperatures well below Tc where I



becomes large enough to obtain f¢ > 1.

It should be noted that Equation 1.7 describes the ideal case where B¢ = 0 and
T = 0K. Operation at non-zero temperatures leads to significant noise rounding of
the I-V curve due to Nyquist current noise originating in the shunt resistors. The
influence of this thermal kgT noise (where kg is Boltzmann’s constant) is expressed

by the noise parameter I':

27TkIBT
= 1.8

where I¢®y/27 is the Josephson coupling energy. At 77.4K the thermal energy be-
comes comparable with the Josephson coupling energy for junctions with
Ic ~ 3.3pA. Simulations have shown [14] that for I' > 0.2 the wavefunctions on

either side of the barrier become decoupled. At an operating temperature of 77.4K

this translates to the requirement that Ic > 16uA.

1.2.3 Practical Josephson junctions

For SQUID applications resistively-shunted non-hysteretic Josephson junctions
are required. In LTS, such junctions are typically realised using a trilayer
superconductor-insulator-superconductor (SIS) technology such as Nb-Al-AlO,-Nb
where the surface of the Al is oxidised to a thickness of 2-3nm, before deposition
of the upper Nb layer, to form the junction. Such tunnel junctions are hysteretic
and need to be shunted by an external resistor connected in parallel to the junction.
With HTS materials such a trilayer technology, with a barrier acting as the tunnel
region, is difficult to implement. The ceramic nature of HTS materials makes it
difficult to maintain suitable thin film stoichiometry during the growth of multiple
layers. In addition the supercurrent transport properties of HTS materials are highly
anisotropic resulting in a rapid decay of the superconducting wavefunction in c-axis
barriers (i.e. the barriers formed in trilayers). To realise suitable HTS junctions
many alternative techniques have been employed. These can be categorised into

three types: grain boundary junctions, barrier junctions and weakened junctions.



As with all of the HT'S junction technologies developed, those discussed below most
commonly incorporate YBCO thin films.

The relatively small coherence length of the charge carriers in HTS materials
results in grain boundaries between neighbouring cells in a polycrystalline lattice
acting as Josephson weak links. The first HTS junctions were such grain boundary
junctions (GBJs), fabricated in granular films by patterning a narrow track in the
film across the naturally occurring grains [15]. The quality of thin films has improved
greatly and today controlled techniques are used to induce artificial grain boundaries
in the film which can be patterned to form GBJs. The two most common types of
GBJ used are the bicrystal junction and the step-edge junction.

The bicrystal junction [16, 17], shown schematically in Figure 1.2(a), uses a
bicrystal substrate formed by fusing two pieces of single crystal together to form
a grain boundary. Typically the chosen misorientation angle at the grain bound-
ary is 24°, 30° or 36.8°. This grain boundary propagates through into the c-axis
superconducting film grown on the bicrystal substrate. The junction is formed by
patterning the film that crosses the grain boundary into a narrow track. Studies
have shown that the grain boundary formed in the HTS film is composed of facets
which results in the misorientation angle of the grain boundary in the film varying
along the bicrystal line [18, 19]. Despite this, the junction I¢ and Ry do have some
relation to the misorientation angle of the bicrystal substrate used, and I¢ can be
tuned to some degree by appropriately setting the thickness and width of the track
that crosses the grain boundary. On individual bicrystal substrates the reproducibil-
ity of junction’s parameters can be relatively high. The IRy values of bicrystal
junctions typically compare well with those achieved using alternative HTS junction
technologies - the product IcRy is regarded as a figure of merit for the quality of
the junction. On a single chip yields of RSJ-like junctions up to 100% [20] and
IcRy products as high as 2504V [21, 22] can be achieved. However the chip-to-chip
reproducibility is generally poor - a consequence of the difficulties in manufacturing

reproducible bicrystal substrates. Other disadvantages of the bicrystal technology
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Figure 1.2: Schematic representations of various HTS Josephson junction technologies. (a) A
bicrystal junction, with the axes showing the misorientation of the ab-planes either side of the
grain boundary. (b) A side-view of a step-edge junction showing the orientation of the c-axis of
the superconducting thin film and the associated grain boundaries. (c) A side-view of a ramp-edge
Jjunction where tunneling supercurrents flow through the non-superconducting (PBCO) region.

Note that the c-axis growth of the upper electrode is normal to the plane of the substrate. (d) A
weakened junction, formed by artificially damaging a patterned superconducting track.

are that the substrates are relatively expensive, and the device design is restricted,
as all the junctions must be positioned along the straight line of the grain boundary
in the substrate.

An alternative approach to fabricate a GBJ is the step-edge technology [23]. A
step-edge junction, shown schematically in Figure 1.2(b), is formed by depositing
an HTS thin film and patterning it into a narrow track over a step prepared on a
single crystal substrate prior to film deposition. If the edge of the step has sufficient
steepness, it is energetically favourable for the HTS film to grow with a different
c-axis orientation on the sloping edge and typically two grain boundaries in series

are formed, one at the top and one at the bottom edge of the step. Of the two



grain boundaries, the one with the lower Ic will dominate the junction’s electrical
characteristics - it is thus desirable that one of the boundaries has a significantly
smaller critical current. The angle of the step, the ratio of the film thickness to the
step height and the microstructure of the HTS film all strongly affect the junction
properties Ic and Ry. Further discussion of the dependence of the junction proper-
ties on the step characteristics is given in Section 3.1.2. The single crystal substrates
used for step-edge junctions are approximately five times cheaper (for 10 x 10mm?
substrates) than bicrystals and also avoid the restrictions on junction placement
associated with the bicrystal technology. A popular misconception is that repro-
ducibility and IcRn products are poorer for step-edges than bicrystals, however in
Chapter 3 it will be demonstrated that this need not be the case, though establishing

and maintaining a step-edge technology is considerably more labour intensive than

using bicrystals.

Perhaps the most common technique used to fabricate HTS barrier type junc-
tions is the ramp-edge technology [24]. Ramp-edge junctions are similar to LTS
trilayer junctions in that a barrier material is used to form the weak link. How-
ever the ramp-edge technology avoids the problems associated with c-axis transport
in trilayer junctions by allowing the tunneling supercurrent to flow in the ab-plane.
Shown schematically in Figure 1.2(c), a ramp-type structure is formed by etching an
epitaxial superconductor/insulator multilayer at a shallow angle to expose a region
of the HTS film which forms the lower electrode of the junction. An epitaxial thin
film tunnel barrier with a typical thickness of 5nm is deposited before deposition of
a second superconducting film to form the upper electrode. The junction is then
formed by patterning the multilayer structure into a narrow track. Typically YBCO
will be used for the superconducting electrodes with materials such as SrTiO; and
the normal conducting PrBa;Cu3zO7_5; (PBCO) used as the insulator and tunnel
barrier respectively. To avoid grain boundaries in the upper superconducting elec-
trode it is important that the etching of the superconductor/insulator layer results

in a shallow angle of no more than 30°. This restriction results in an unavoidably



large contact area between the superconducting electrodes and the tunnel barrier.
This combined with the low resistivities of all the normal conducting materials that
grow epitaxially on YBCO (e.g. PBCO) results in junctions with small Ry values
thus limiting the IRy products that can be achieved using the ramp-edge tech-
nology. Despite this ramp-edge junctions offer some promise for applications in
magnetically unshielded environments with a distinct advantage over GBJs being
that the top clectrode shields the junction from perpendicular magnetic fields which
can significantly perturb the junction critical current.

The final classification of HTS Josephson junctions are weakened junctions. A
thin tunnel barrier is formed by artificially damaging a small region of the patterned
narrow track in the HTS film, such that T¢ in that region is suppressed (see Fig-
ure 1.2(d)). A highly focused beam is required to irradiate a sufficiently small region
of the superconducting track to maintain sufficient coupling between the supercon-
ducting regions. Typically this is done using a focused ion-beam [25] or a beam of
electrons [26]. While weakened junctions offer excellent junction reproducibility and

freedom in junction placement, such techniques are not common practice due to the

specialised and expensive equipment required.

1.3 dc SQUIDs

The devices described in this work are based on the dc SQUID which consists
of two resistively shunted non-hysteretic Josephson junctions connected in parallel
in a superconducting loop of inductance L, as shown schematically in Figure 1.3(a).
Each junction has a critical current I¢, a shunt resistance Ry and a capacitance
C. The magnetic flux threading the loop is no longer quantised as in the case of a

closed superconducting ring. However an applied magnetic flux @ alters the phase

difference (6; and 43) across each of the two junctions such that

®
0 -6 = 271'30. (1.9)

10
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Figure 1.3: (a) Schematic of the dc SQUID. (b) The I-V characteristics of the dc SQUID for an

applied flux of (i) n®y and (ii) (n +1/2)®. (c) V-® characteristics when the SQUID is biased
with current I,.

From Equation 1.2 it follows that these phase changes, in turn, affect the maximum
supercurrent that can flow through the two junctions of the SQUID. The maximum

supercurrent that can flow through the SQUID (Jp) is thus a periodic function of

the magnetic flux threading the loop given by:

Ip(®) = 21c(0)

cosﬂq) 1.10)
o | (1.

Equation 1.10 yields a maximum of I 5., = 2I¢ for @ = n®; and a minimum of
Iy min = 0for @ = (n+1 /2)®¢. The dependence of the SQUID I-V characteristics on
applied magnetic flux is shown in Figure 1.3(b). Note that when a flux of (n4+1/2)®,
is applied the critical current is not fully suppressed to zero. This is a consequence
of the current through the two junctions in the SQUID not being identical due
to the additional circulating screening current J = —®/L induced in the loop by
any applied flux ®#n®,. An expression for the critical current modulation depth

Aly = Iy maz — To,min has been given by Tesche and Clarke [27]. For small values of

I' (< 0.2) they predict

1
Aly = ———
0 1+,BLI0,ma:1:a (111)
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where [, is the screening parameter given by

2IcL
BL = B

(1.12)

Hence we find that the modulation depth of I, decreases with increasing /..

As a consequence of the critical current modulation, the dc voltage across the
SQUID, when biased with I > 21, also has a periodical flux dependence as shown
in Figure 1.3(c). In practice the bias current is adjusted to give the maximum

peak-to-peak voltage modulation AV, which can be expressed as [28]

Ay = I Jefi (1 — 3.57Y kBTL). (1.13)

W21+ﬂL (I)o

1.3.1 The flux-locked loop

As can be seen from Figure 1.3(c), the output of the SQUID as a function of
applied flux is non-linear. When operated in small-signal mode where the voltage
across the SQUID is simply read as the output, the measurement is restricted to
signals much smaller than a single flux quantum ®,. To increase the linearity, the
SQUID is typically operated in a feedback loop mode called the flux-locked loop
(FLL). Figure 1.4 is a schematic of the standard FLL readout scheme. Before lock-
ing the SQUID a bias current is applied such that the open loop transfer function of
the SQUID Vp = |0V/0®| is maximum. By applying a bias flux the operating point
of the SQUID is then locked at a minimum in the V-® characteristics corresponding
to ® = n®y. An additional high frequency modulating flux fiy (typically of order
100kHz) is applied as a square wave with a flux peak-to-peak amplitude of ®4/2.
The resulting ac voltage output across the SQUID is lock-in detected via a cooled
step-up transformer and pre-amplifier. The lock-in signal, referenced to the mod-
ulation frequency, is integrated and fed-back through a resistor Rp to a feedback
coil coupled to the SQUID with a mutual inductance My. Note that the feedback

and the modulation signal are usually coupled to the SQUID using the same coil.
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lock-in

Figure 1.4: Schematic of the flux-locked loop electronics modulation scheme. My is the mutual
inductance between the SQUID and the coil combining the feedback and modulation signals. Ry
is the feedback resistor and fyu the modulation signal frequency.

A voltage change across the SQUID induced by a change in the quasistatic flux (to
be measured) is linearly tracked by the lock-in and fed-back to the SQUID as an
opposing flux. The output voltage V;,; measured across Ry thus becomes a linear
function of the quasistatic flux, increasing the dynamic range of the SQUID enabling
the measurement of inputs equivalent to many flux quanta. Another major benefit
of the FLL mode of operation is that the voltage output of the SQUID is effec-
tively shifted to higher frequencies where the voltage noise of a good pre-amplifier
becomes negligible compared with the transformer amplified voltage noise output
of the SQUID. FLL operation thus enables the measurement of the intrinsic noise

characteristics of the dc SQUID. Other read-out schemes and modulation techniques

are described in [29)].

1.3.2 Noise in dc SQUIDs

White noise

When operated in a FLL, the magnetic flux noise of the SQUID is directly as-
sociated with the measured voltage noise via the transfer function (Ve = |0V/89)),

where the voltage noise originates from Nyquist voltage fluctuations across the re-
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sistive shunts. Computer simulations of SQUIDs operating at 4.2K by Tesche and
Clarke [30] show that the flux noise performance is optimised for 3;, ~ 1. For such a

screening parameter Tesche and Clarke show that the maximum slope of the transfer

function at optimum bias current is given by

Ve = Rn/L, (1.14)

and that the spectral density of the voltage noise is approximately v/16kgT Rx. The

flux noise spectral density is thus given by

\/S_q, ~ __—_W‘CZTRN' (1.15)
Equations 1.14 and 1.15 imply that this frequency independent (white) noise is
reduced by decreasing the SQUID inductance and increasing the normal state resis-
tance of the junctions. Note that these expressions are only valid in the regime of
f,~land T <0.2.

For HTS SQUIDs operating at 77K Equations 1.13, 1.14 and 1.15 do not accu-
rately describe the SQUID’s maximum voltage modulation depth, transfer function
and flux noise. Koelle et al. [31] found experimentally that V4 scaled closer to 1/L?
for HTS SQUIDs. At such elevated operating temperatures Nyquist noise in the
junctions leads to a significant thermally induced flux noise in the SQUID which
results in considerable degradation of the V-® characteristics. Taking into account

the effects of this thermal noise, Enpuku et al. [28] obtained the following analytical

expression for the transfer function

- _Mchy [ L
= B0+ A (1 LT>' (1.16)

where Lt = ®¢?/4nkgT. At liquid helium temperatures, Lt = 6nH and for practical
SQUID inductances such that Sy ~ 1, Equation 1.16 reduces to Vg =~ Ry/L, but at

77K, Lt = 321pH. This places a significant constraint on the SQUID inductance -
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for a 100pH SQUID V4 is reduced by 56%, and for a 150pH SQUID by 68%. This
relatively small upper limit imposed on the inductance limits the effective area and
field sensitivity of the SQUID (see discussion below in Section 1.3.3).

For LTS SQUIDs there is good agreement between the simulations and exper-
iment, and the above expressions predict voltage modulation, flux noise and trans-
fer function with reasonable accuracy for SQUIDs which meet the requirements of
Bi, ~ 1 and T < 0.2. This is not the case for HTS devices. The maximum voltage
modulation depth AV measured for an HTS SQUID is generally found to be a frac-
tion (typically 0.4-0.7) of that predicted by Equation 1.13 (e.g. [32, 33]). Whether
Vs is calculated using Equation 1.16 or experimentally measured, the measured flux
noise of the SQUID rarely compares well with that predicted by Equation 1.15. For
instance consider a SQUID with parameters Ic = 20uA, L = 50pH (i.e. By =~ 1)
and Ry = 2Q2. Equation 1.16, yields Vp =~ 48V /®¢ which, when substituted for the
transfer function in Equation 1.15, predicts a white noise of /Sy ~ 3.8.%,/vHz.
Although such low values of white noise have occasionally been achieved with an
HTS SQUID (the lowest flux noise reported for a 50pH SQUID is 2.2u®,/vHz
[34]), in general the measured flux noise is much higher than that predicted by
Equation 1.15. A recent study by Koelle et al. [35] compared the white flux noise
values measured for a large sample of dc SQUIDs (fabricated by eight different re-
search groups), with the values predicted by simulations - note that many of these
SQUIDs satisfied the conditions that 8, ~ 1 and I' < 0.2 (i.e. Equation 1.15 is
valid). The measured flux noise was always considerably higher than that predicted
by the simulations, typically an order of magnitude larger. In addition there was no
clear trend when they compared the measured and calculated flux noise levels as a
function of L, Ry, Ic and IcRx.

Although no theories or simulations seem to accurately predict the white flux
noise of HTS SQUIDs, the results discussed in this section provide general rules
of thumb to be followed when optimising the performance of dc SQUIDs. There

should be sufficient Josephson coupling across the junctions such that I' < 0.2, the
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screening parameter [, should be of order unity for optimum flux noise performance,

and in general the flux noise is improved by maximising Ry and minimising L.
1/f noise

In addition to the white flux noise discussed above, 1/f noise can degrade
SQUID performance at low frequencies. There are two known sources of intrinsic
noise in dc SQUIDs which have a 1/f dependence. The first source of 1/f noise
arises from fluctuations in the critical current I of the junctions. These fluctuations
are related to the trapping and releasing of charge carriers by defects in the barrier
which raise and lower the barrier potential {36], in turn affecting the critical current
of the junction [37]. The presence of a single trap causes the critical current of
the junction to randomly switch between two values as charge carriers are trapped
and released, producing a random telegraph signal, with the mean trapping time
having a Lorentzian distribution. Generally the large number of trapping sites in
the junction results in a broad distribution of mean trapping times, and it can be
shown that the corresponding Lorentzians sum to give a 1/f power distribution
[38]. Fortunately, this noise source can be substantially suppressed by using the ac-
bias current modulation scheme developed by Koch et al. [36]. To implement this
scheme the SQUID is operated in the usual FLL, flux modulated, with a peak-to-
peak amplitude of ®¢/2. Synchronously with the flux modulation, an ac-bias current
is modulated between positive and negative values +1g at a frequency less than the
modulation frequency but greater than the onset frequency of the 1/f noise. This
averages out the Ic fluctuations thus eliminating the effects of the trapping sites.
An ac-flux square wave is applied to the SQUID at the same frequency and in phase
with the ac-bias current to compensate the switching which would occur in the
SQUIDs V-® characteristics, thus maintaining the SQUID in a steady flux state.

The second source of 1/f noise in SQUIDs arises from thermally activated
hopping of flux vortices between pinning sites in the superconducting film. This

was first investigated by Ferrari et al. [39, 40]. The distribution of the pinning
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site activation energies follows a broad Lorentzian spectrum [41], which results in
the hopping of vortices between pinning sites having a 1/f distribution. The flux
motion due to vortex hopping couples to the SQUID as real flux, and is therefore
not eliminated by the ac-bias modulation scheme described above. The contribu-
tion of vortex motion to 1/f noise is particularly apparent in HTS SQUIDs where
the elevated operating temperatures and associated relatively weak pinning sites
(characterised by the film’s critical current density j.), become a significant prob-
lem. Miklich et al. [42] found that even SQUIDs made from excellent YBCO films
(jo ~ 5 x 10°Acm™?) exhibit a significant increase in 1/f noise when cooled in an
ambient magnetic fields. The increase in flux noise at 1Hz was found to approxi-
mately scale with the magnitude of the applied ambient field in which the device
was cooled. Typically the increase in flux noise was approximately one order of

magnitude for a SQUID cooled in a field strength comparable to that of the earth
(50uT), significantly limiting the application of SQUIDs to low noise measurements
in an unshielded environment. More rccently, Dantsker et al. [43] made significant
progress in reducing vortex motion and the associated 1/f noise of SQUIDs cooled
in ambient magnetic fields. They demonstrated that by restricting the linewidth of
the SQUID it becomes energetically unfavourable for magnetic flux vortices to pen-
etrate the SQUID’s thin film when cooled in fields up to a critical magnitude. By
restricting the maximum linewidth of the SQUID to approximately 4um, Dantsker
et al. subsequently demonstrated that there was no significant increase in 1/ f noise

up to a critical field strength of approximately 80pT [44].

1.3.3 Field sensitivity

The cumulative effect of the different noise sources discussed above gives rise to

an effective root-mean-square (rms) flux noise spectral density 1/Ss(f), expressed
in units of ®y/vHz. The rms magnetic field sensitivity spectral density of a SQUID
is given by

VSa(f) = VS (f)

=Y 7 1.17
e (1.17)
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where Agq is the effective sensing area of the SQUID, defined as the ratio of the
flux coupled to the SQUID loop, to the applied magnetic field. To improve the field
sensitivity of the SQUID Agq should be increased. However increasing Asq typically
increases the SQUID inductance, resulting in a reduction in transfer function Va
(Equation 1.16) and a corresponding increase in the intrinsic SQUID flux noise
(Equation 1.15). The relatively small upper limit placed on the SQUID inductance
by Equation 1.16 significantly limits the SQUID effective area and the corresponding

magnetic field sensitivity of an autonomous device.

1.4 Magnetometers and Gradiometers

To improve the sensitivity of a SQUID device and resolve the conflict that to
minimise flux noise the inductance (and size) of the SQUID must be kept small,
while to improve the field sensitivity the effective area (and size) of the SQUID
should be made large, one typically couples the signal from a larger pick-up loop to
the small loop of the SQUID. The simplest way to do this is to directly connect a
large superconducting pick-up loop to the SQUID to form a directly-coupled mag-
netometer (DCM) as shown in Figure 1.5(a), with the equivalent circuit shown in

Figure 1.5(b). For practical magnetometers, where Lip >> Ly, the effective area of

the DCM can be approximated as

L
Apcm ~ L—BLALP + ASQ (118)
LP

where App is the sensing area of the pick-up loop (related to its geometrical area and
the degree of flux focusing in the loop), Lyp is inductance of the pick-up loop, Asq is
the effective area of the SQUID and Ly = Lgq—L; is the mutual inductance coupling
the pick-up loop and the SQUID (where Lgq is the total SQUID inductance and L;

is the inductance from the striplines incorporating the junctions to which the signal

from the pick-up loop does not couple). Since v/Sp = v/Ss/Apcum, the magnetic field
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Figure 1.5: (a) Schematic representation of a directly-coupled magnetometer (DCM) and (b) the
corresponding equivalent circuit showing the inductances and effective areas as defined in the main
text. Note that the total SQUID inductance is Lsq = Ly + Ly. (c¢) Schematic representation of
an inductively-coupled magnetometer (ICM), showing the multi-turn flux transformer (black) and
insulating cross-over (grey), and (d) the corresponding equivalent circuit where Ly is the inductance
of the multi-turn flux transformer and the other inductances are as defined in the main text. (e)
Schematics of the various types of SQUIDs commonly incorporated into magnetometers: (i) a
narrow-linewidth (4pm) SQUID typically used in DCMs, (ii) a solid washer SQUID typically used
in ICMs to improve the mutual inductance with the flux transformer, and (iii) a slotted washer

SQUID designed to maintain reasonable coupling with the flux transformer, while minimising 1/ f
noise in the SQUID by restricting the linewidth to approximately 4pm.
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sensitivity of a DCM improves linearly with increasing effective area Apcy provided
the 1/f flux noise in the pick-up loop does not couple significantly to the SQUID. To
maximise Apcy the effective area of the pick-up loop App should be increased while
reducing the mismatch between inductances Lyp and Ly. Recently Koelle et al. [35)
showed that the SQUID inductance for a directly coupled device is optimised for
Lsq =~ 100pH. In general App is limited by the dimensions of the substrate and Lyp
is minimised by maximising the width of the tracks of the pick-up loop. Note that the
surface area of the substrate used is often restricted by the film growth process and
the maximum area over which a stoichiometric and uniform thin film can be grown,
thus limiting Arp. The DCM, fabricated from a single layer of superconductor,
is the most common HTS SQUID sensor and devices fabricated on 10 x 10mm?
substrates typically exhibit a magnetic field sensitivity of approximately 50fT/ VvHz
in the white noise region (e.g. [45, 46, 47]). Any increase in the intrinsic flux noise at
low frequencies of such optimised DCMs, incorporating narrow-linewidth SQUIDs
(with a maximum linewidth of approximately 4um to minimise flux hopping), can
be almost completely suppressed using the ac-bias technique discussed above.

For devices grown on 10 X 10mm? substrates, the inductance mismatch is typ-
ically of the order 1/100. The inductively-coupled magnetometer (ICM) (shown
schematically Figure 1.5(c) with the corresponding equivalent circuit shown in Fig-
ure 1.5(d)) couples the signal from the pick-up loop to the SQUID more efficiently.
An ICM consists of a large superconducting pick-up loop inductively coupled to the
SQUID via a multi-turn superconducting flux transformer. The whole device can
either be integrated on a single substrate, or on two separate substrates - the SQUID
on one, the pick-up loop and flux transformer on the other coupled in a flip-chip
configuration. For LTS devices, where materials processing is a less significant issue,
integrated devices are easily fabricated on a single substrate. In LTS superconduct-
ing wire can also be used to form a pick-up loop. With the ceramic HTS materials
the fabrication of low noise multilayers is difficult, though Dantsker et al. [49] have

successfully fabricated a fully integrated device on a 10 x 10mm? substrate which
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exhibited a magnetic field sensitivity of 27fT/ vHz and 9fT / VHz at 1Hz and 1kHz
respectively. The flip-chip approach still requires multiple superconducting layers
and an insulating layer to form the cross-over in the flux transformer. Successfully
establishing a HTS multilayer technology is extremely labour intensive, with few
groups worldwide successfully implementing such a thin film technology. In addi-
tion the required cross-overs and vias in multiple layer HTS films are a significant
source of low frequency flux noise due to the presence of weak pinning sites.

The flip-chip technique has yielded devices with better magnetic field sensitiv-
ities than the best fully integrated magnetometers - the multiple thin film layers
over the SQUID in a fully integrated magnetometer result in the device having a
relatively high intrinsic flux noise. Dantsker et al. achieve a better magnetic field
sensitivity for their flip-chip magnetometers (where both substrates are 10 x 10mm?)

than for their integrated device discussed above. For their flip-chip magnetometer
they measured a magnetic field sensitivity of 8.5fT/v/Hz at 1kHz [50]. Although
significant progress has been made in the fabrication of multilayers [51], even the
best flux transformers couple significant 1/f noise into the SQUID [50]. As a resuit
multilayer magnetometers with sensitivities of better than 50fT/v/Hz at 1Hz remain
exceptional. For low frequency applications, any gain achieved in effective area from
the improved coupling of the ICM, is offset by the increase in low frequency noise.

The magnetic field sensitivity of an optimised magnetometer is nearly always
several orders of magnitude lower than the magnitude of the Earth’s magnetic field
and other sources of electromagnetic interference (e.g. moving car traffic, power
transmission lines and electrical equipment). To attenuate the response of the
SQUID sensor to such signals, two oppositely wound pick-up loops can be cou-
pled to the SQUID to form a gradiometer. The two pick-up loops can be coupled to
the SQUID via a flux transformer to form an inductively coupled gradiometer. Note
that for HTS devices, such an inductively coupled gradiometer design is restricted to
a planar configuration fabricated from thin films as shown in the Figure 1.6(a) (for

LTS devices axial gradiometers and other configurations are easily obtained using
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Figure 1.6: Schematic representations of planar gradiometers: (a) an inductively-coupled gra-
diometer, and (b) a directly-coupled single-layer gradiometer.

superconducting wire). As with an ICM the device can either be fully integrated or
flip-chip coupled. A uniform magnetic field couples an identical flux to both of the
pick-up loops and, because they flow in opposite directions, the screening currents
generated in each pick-up loop cancel and thus couple zero net flux into the SQUID.
Magnetic fields generated from distant sources of magnetic interference are approxi-
mately uniform at the gradiometer, provided the source is sufficiently far away, and
therefore are rejected. Magnetic signals generated in close proximity to the gra-
diometer have a significant first order gradient, 0B, /0z, resulting in more magnetic
flux being present in the loop closer to the source and therefore a net signal being
coupled to the SQUID. This enables the gradiometer to measure signals many times
smaller than the local environmental noise. Second and higher order gradiometers
can be fabricated consisting of three or more loops, extending the rejection of envi-
ronmental noise, though at the expense of reducing the sensing area for the actual
signal to be measured. In practice, the optimum gradiometer order depends on the

nature of the signal to be measured as well as the level of magnetic interference.
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Inductively coupled gradiometers generally require multiple layers of supercon-
ductor to form the multi-turn flux transformer to couple the flux to the SQUID. As
with magnetometers, such a technology is difficult to implement and the multiple
superconducting layers become a significant source of 1/f noise. Alternatively, two
single layer films can be flip-chipped together to form an inductively coupled gra-
diometer [52]. However a problem associated with the flip-chipping technique for
gradiometers is that slight errors in alignment of the two chips significantly effect
the device balance (see discussion below). To overcome the problems with multilay-
ers and the difficulties associated with alignment when flip-chipping, it is common
to fabricate a directly-coupled gradiometer which requires only a single chip with
one superconducting layer. Such a first order single-layer gradiometer (SLG) [53]
is shown schematically in Figure 1.6(b). Each pick-up loop, directly connected to
the SQUID in the centre, couples flux to the SQUID with an inductance mismatch
Ly/Lyp, where Ly is the mutual inductance between the pick-up loops and the
SQUID and Lyp is the inductance of each of the pick-up loops. Uniform fields gen-
erate screening currents of equal magnitude which flow through the central bar in
opposite directions and cancel. For an ideal gradiometer, a uniform field results in
no current being injected into the SQUID and net zero flux is measured. The gra-
dient fields of small sources in close proximity generate a larger screening current in
the loop nearest the source resulting in a net current flowing through the central bar
which couples a flux to the SQUID. SLGs are generally always first-order gradiome-
ters, though Lee et al. [56] have demonstrated that a second-order gradiometer can
be fabricated from a single layer of superconductor.

The gradient field sensitivity of a first-order gradiometer is given by

VSa VS (1.19)

" TAwac’

where [ is the baseline, defined as the distance between the centre points of the two
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pick-up loops, and

L L
Amac = LTIII)ALP + Agq = L_M‘ALP (1.20)
LP

is the effective area of the device with one of the pick-up loops removed (i.e. oper-
ating as a magnetometer) where App is the sensing area of one of the pick-up loops.
The sign of Agq is dependent on which pick-up loop is removed. As with magne-
tomcters it is desirable to maximise the effective sensing area of the device while
minimising the inductance mismatch. In addition the gradient sensitivity improves
linearly with increasing [. Typically, the gradient sensitivities of SLGs incorporating
the best low noise SQUIDs, fabricated on 10 x 10mm? substrates are in the range
300-500fT/cmv/Hz (e.g. [53, 54, 55)).

The gradient sensitivity figures quoted above were measured in a shielded envi-
ronment. An important figure of merit, which characterises the gradiometer’s ability

to reject uniform fields and operate in an unshielded environment is the device bal-

ance. The balance of a gradiometer can be defined as

b= Apar
Amac

(1.21)

where Apar is the parasitic effective area of the gradiometer to uniform fields. While
an ideal gradiometer is completely insensitive to uniform fields, in practice Apag is
non-zero due to inevitable variations in the sizes of the two pick-up loops and more
significantly the uniform field response of the SQUID itself. Any significant uniform
field response degrades the gradient sensitivity of the device when it is operated in
an unshielded environment. The balance of gradiometers fabricated on 10 x 10mm?

substrates is typically of the order of 1/100.
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1.5 SQUID Applications

The excellent sensitivity and large dynamic range (when operated using a read-
out scheme such as the FLL) make SQUIDs applicable to a wide range of practical
measurements. Articles by various authors in SQUID Sensors: Fundamentals, Fab-
rication and Applications (edited by H. Weinstock) [6] and an article by Donaldson
et al. [7] cover most of the applications that are currently of interest to the scien-
tific community, including several with the potential for commercial exploitation.
The Strathclyde group focuses on several applications, the two which are most sig-
nificant with regards to the device development work described in this thesis are
biomagnetism and non-destructive evaluation.

In biomagnetism the SQUID is used to measure the weak magnetic signals gen-
erated by biological activity in the human body. SQUID sensors have been used to
measure magnetic signals from the heart, brain, nerves, muscles and various other
organs. The application of SQUID devices to biomagnetic measurements is chal-
lenging in terms of SQUID development, as the weak signals to be measured are
comparable to the intrinsic sensitivity of typical SQUIDs. However SQUIDs are
the only magnetic sensors capable of such measurements. LTS SQUIDs can be ap-
plied to measure brain and nerve signals, though a more realistic application for
HTS SQUIDs is the measurement of the stronger magnetic signals generated by the
adult heart (magnetocardiography). Biomagnetic measurements are generally per-
formed in heavily shielded environments, typically mu-metal shielded rooms which
are expensive and impractical for widespread application in magnetocardiography.
For this reason Strathclyde have focused on developing gradiometer devices with
improved characteristics for operation in unshielded environments, aiming to de-
velop sensors that can be used for magnetocardiography but require at most only
moderate shielding.

The second major application that is of interest at Strathclyde is non-destructive

evaluation (NDE), where SQUID sensors are used to detect defects and flaws, typi-
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cally in metallic structures. Typically the SQUIDs are scanned over the surface of
the sample to map the magnetic field, produced either due to permanent magneti-
sation in the sample or by inducing eddy currents with an excitation coil. Generally
the aim is to detect sub-surface defects or corrosion, ultimately with systems be-
ing employed to test building structures and aircraft for fatigue. The sensors must
be capable of operating in industrial environments where there are high levels of
electromagnetic interference and at Strathclyde we focus on the development of gra-
diometers for such applications. It should be noted that a major advantage of HTS
SQUIDs over LTS devices in this field is the enhanced portability and increased

operating time when operating the sensors at 77K rather than 4.2K.

1.6 Aims of this thesis

The work described in this thesis had two main objectives: (1) to develop a
reliable step-edge Josephson junction technology as an alternative to the use of
bicrystal substrates, and (2) to develop SQUID based sensors with improved per-
formance with particular emphasis on improving the characteristics of devices for
unshielded operation. Meeting the latter of these is of particular importance if
SQUIDs are to be successfully employed in many applications such as those de-
scribed in Section 1.5 above. For SQUID sensors to be commercially viable they
must be capable of operating in electromagnetically unshielded environments and
have the ability to discriminate against unwanted sources. In addition if SQUIDs are
to be commercially successful in such applications, the potential benefits of improved
performance over competing technologies must not be outweighed by a significant
increase in cost. Step-edge junctions only require the use of single crystal substrates,
representing significant cost savings over the use of bicrystals.

The thin film deposition system and basic techniques used to fabricate devices
are described in Chapter 2. Prior to the outset of this work all the SQUIDs and

other multi-junction devices fabricated at Strathclyde incorporated bicrystal junc-
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tions. Chapter 3 details the alternative step-edge fabrication procedure that was de-
veloped and describes the characterisation and performance of step-edge Josephson
junctions. A comparison between the characteristics and performance of junctions
produced using the new step-edge technology with that of the bicrystal junctions
is included. After successfully establishing the step-edge technology, SQUIDs in-
corporating step-edges were fabricated and tested. The step-edge SQUIDs are de-
scribed in Chapter 4, which includes a comparison with the performance of bicrystal
SQUIDs. For unshielded SQUID applications a gradiometer is generally required.
Various single-layer gradiometer designs incorporating either step-edge or bicrystal
junctions have been fabricated and characterised throughout the course of this work,
and are described in Chapter 5. Although this thesis is primarily concerned with
device development, some discussion describing the practical application of these de-
vices has been included. A novel SQUID device (the gradiometric SQUID) has been
developed which, when incorporated into a single-layer gradiometer significantly im-
proves the characteristics of the device for unshielded operation. The gradiometric

SQUID devices are described in Chapter 6. Finally Chapter 7 provides a summary

of this work and suggests directions for future work.
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Chapter 2

Fabrication

This chapter describes the standard equipment and processes used to prepare
the samples discussed in later chapters. Most of the fabrication processes and appa-
ratus discussed in this chapter were established by other past and current members
of the group who shall be credited where appropriate - note that the step-edge fab-
rication process was established by myself, the description of which is devoted a
section in a later chapter. Included in this chapter are descriptions of the pulsed
laser deposition system used to grow YBCO thin films, the gold and silicon dioxide
deposition systems, the photolithography apparatus and procedures, and finally the

ion-mill system used to dry etch the YBCO and gold structures of devices.

2.1 YBCO Film Growth

2.1.1 Introduction

YBCO with a critical temperature of 92K, was the first material discovered to
be superconducting above the boiling point of liquid nitrogen [1]. This prompted
considerable scientific research on the material. Even after the discovery of other
compounds with considerably higher critical temperatures (e.g. HgBayCayCusOgys
with a critical temperature of 150K under pressure [2]), YBCO remains the material
of choice for thin film applications at 77K. YBCO thin films grown in-situ with the
c-axis normal to the substrate plane have strong flux pinning characteristics resulting
in high critical current densities in the ab-plane and a low magnetic flux noise.

High quality c-axis thin films can be grown on a variety of substrates using
several different growth techniques - typically magnetron sputtering (e.g. [3, 4]),

thermal co-evaporation (e.g. [5]) and pulsed laser deposition (e.g. [6, 7]). In mag-
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netron sputtering the ions of a low pressure ionised gas are accelerated towards a
bulk YBCO target cathode. The collision between the ions and the surface of the
target ejects the target material which is then deposited onto an appropriately posi-
tioned substrate. Thermal co-evaporation involves individually evaporating each of
the elements that make up the HT'S compound depositing the film layer-by-layer. In
pulsed laser deposition (PLD) a pulsed, high energy laser beam ablates material from
a bulk YBCO target, forming a plasma plume of material that is transfered stoichio-
metrically to the positioned substrate. PLD is the chosen technique at Strathclyde
and the system and methods used will be described in more detail in Section 2.1.2.

For SQUID fabrication one generally chooses a substrate that has a good lat-
tice match with c-axis oriented thin film YBCO; typically commercially available,
epitaxially-polished SrTiO3; (STO), LaAlO3; or NdGaO; substrates are used and
sometimes the poorer lattice matched MgO due to its inexpensiveness and suit-
able characteristics for high frequency applications such as the rf SQUID. Detailed

overviews of the properties of YBCO thin films, the various growth techniques and

the different substrate materials used can be found in (8, 9, 10].

2.1.2 The Strathclyde PLD system

The Strathclyde PLD system was established by R.M. Bowman and J.H. Clark;
a detailed description is given in [11, 12]. Initially the PLD system exclusively used
MgO as the substrate material for HTS device applications. Later A. Eulenburg and
E.J. Romans optimised the system parameters for YBCO growth on STO substrates
[13]. The switch from MgO to STO, with its improved lattice match to YBCO, ul-
timately resulted in thin films with higher critical current densities, higher critical
temperatures and improved reproducibility. Detailed descriptions of the optimisa-
tion of the parameters for growth on STO and the methods used to characterise the
Strathclyde films are included in [14].

A schematic diagram of the PLD system is shown in Figure 2.1(a). A KrF

excimer laser with a wavelength of 248nm is used to ablate material from a bulk
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polycrystalline target. The laser generates pulses of length (full width - half maxi-
mum) 34ns at a repetition frequency that is typically set to 10Hz. The laser beam
is focused by a series of lenses and mirrors to enter the chamber through a quartz
window and strike the target with a spot size of approximately 10 x 0.5mm? and a
corresponding laser energy density of approximately 1.2Jem™2. The commercially
obtained targets [15] rotate during ablation to minimise target erosion and are at-
tached to a multi-target carousel allowing the target material to be changed in-situ
for multilayer thin film deposition - although only single layer YBCO thin films were
deposited by the PLD system for this work. The substrates are stuck down with
silver paint to a heater which has its temperature measured by a thermocouple con-
nected to the centre of the heater block. The temperature of the heater is controlled
with a Eurotherm 818 temperature controller. The target-substrate separation is
variable up to a distance of 100mm. The vacuum chamber is evacuated by a turbo
pump, which is backed by a rotary pump, to a base pressure of 1 x 10~%Torr with the
oxygen pressure during deposition set by a mass flow controller. The PLD system is
fully automated - all components are controlled by a PC with simple batch files used
to set the parameters for film deposition or other tasks such as annealing of films
and devices. Figure 2.1(b) is a photograph taken during the growth of a YBCO
film on a 10 x 10mm? STO substrate. For this standard deposition procedure a
deposition temperature of 820°C (note that corresponds to the temperature in the
centre of the heater block as measured by the thermocouple), an oxygen pressure of
0.15mbar and a target-substrate distance of 60mm are used. After deposition the

film is annealed in an oxygen pressure of 800mbar while the heater is allowed to cool

from 820°C to room temperature.
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2.2 Metal and Insulator Deposition

The devices fabricated during the course of this work incorporate gold thin
films, deposited on top of the YBCO layer and patterned as contact pads. The
gradiometric SQUID devices discussed in Chapter 6 also use gold films as cross-over

structures patterned over SiO, insulating layers. This section details the deposition

of these materials.

2.2.1 Gold deposition

Strathclyde gold thin films are deposited using a conventional dc magnetron
sputtering system. The system is pumped down by a diffusion pump backed by a
roughing pump to a base pressure of approximately 4 x 10~°mbar. A needle valve
controls argon flow into the chamber, and the sputtering pressure is set manually to
5.3 x 10~3mbar. The discharge power is set to 50W resulting in a deposition rate
of approximately 100nm/min. A pre-sputter time, with the shutter closed, of two
minutes is employed to allow the plasma to stabilise and to clean off the surface
layers of the target which may have been contaminated.

If a low contact resistance between the gold and YBCO layers is required the
sample is annealled in the PLD system for 1hr at a temperature of 475°C in an
oxygen pressure of 800mbar to improve the interface between the two materials.
Devices are generally designed with large contact pads such that annealling after
gold film deposition is unnecessary. The exception to this is the gradiometric SQUID
devices which have gold films with small contact areas (= 100um?) to the YBCO

layer. The fabrication of these devices is detailed in Chapter 6.

2.2.2 SiO9 deposition

Magnetron sputtering of SiO, requires rf power in common with the sputtering
of all insulating materials. The system used for this work was originally developed

for the LTS niobium technology used at Strathclyde [16]. A stainless steel substrate
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holder was made to replace the LTS 3” wafer holders, with copper clips to hold the
10 x 10mm? samples in place. Vacuum grease was used to thermally couple the
substrate to the sample holder. This prevents scorching of the photoresist on the
sample used for lift-off of the SiO, film (see Section 2.3 for discussion of the lift-off
procedure). The SiO, sputter gun is housed in an UHV chamber along with niobium,
aluminium and molybdenum sputter guns that are used for LTS device fabrication.
The system is pumped by a cryopump and incorporates a load-lock which allows
samples to be taken in and out of the chamber while maintaining a base pressure
of approximately 1 x 107°Torr. A mass-flow controller sets the argon pressure to
3mTorr and the SiO, film is deposited at an rf power of 200W resulting in a rate of
approximately 50nm/min. As with gold deposition, the SiO, is pre-sputtered with

the shutter closed for two minutes to allow the plasma to stabilise.

2.3 Device Preparation

All of the devices discussed in this thesis were fabricated in the research group’s
class 1000 cleanroom, dedicated to the patterning of HTS and LTS devices. For

HTS fabrication this facility is used primarily for photolithographic patterning and

argon ion milling.

2.3.1 Photolithography

The YBCO and gold layers of the HTS devices are patterned by standard pho-

tolithography and argon ion milling. Lift-off photolithography is used to pattern

the SiO, layers. These procedures shall now be described.

Standard photolithography

To fabricate a structure from a thin film by argon ion milling, or indeed any
etching technique, the conventional approach is to use a photoresist mask patterned
by image transfer. The photoresist is spun onto the sample and baked, then pat-

terned by partial UV light exposure into a mask to protect the structure to be etched
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into the thin film. At Strathclyde, positive photoresist (Shipley S1818) is used and
patterned by UV exposure in a Karl Siiss MJB3 contact printer (power per unit
area approximately 10mW /cm?) using a chrome mask to protect the regions of the
photoresist not to be exposed. The exposed regions of the resist become soluble and
are removed in a 1:1 solution of Microposit developer and ultra high purity (UHP)
water. The standard procedure used involves two exposure and two develop stages.
The first removes the thick photoresist which builds up at the edges and corners of
the substrate as the resist is spun. This allows close contact to be made between
the chrome photomask and the centre of the photoresist-coated substrate. The sec-
ond expose and develop patterns the photoresist into the mask to protect the thin
film structure to be retained during argon ion milling. The following standard pho-
tolithography procedure is used to pattern thin films with a minimum feature size
of approximately 1pm achievable: (1) clean the substrate in an ultrasonic bath of
acetone and rinse with isopropanol then UHP water, then dry with N, gas; (2) spin
on photoresist at 6000rpm for 30s to obtain a thickness of approximately 1.6um; (3)
edge removal of the resist - expose for 30s and develop for approximately 40s; 4)
pattern the photoresist mask for etching using a 9s expose and develop for about a

minute; (5) rinse the sample for approximately 30s in UHP water and dry using N2

gas.
Argon ion milling

The most common method for etching YBCO thin films is argon ion milling -
this method is also used to pattern gold films. The Strathclyde system uses a water
cooled Kaufman ion source to generate a beam of neutralised argon ions which
bombard the sample and physically remove the material by a collision process. The
etching is non-selective - the photoresist mask will be etched as well as the thin
film, though clearly one aims to remove all of the unwanted material before etching
through the photoresist. The Kaufman source cathode filament thermionically emits

electrons which collide with injected Ar atoms, generating Ar* ions, on their way
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Parameter Value

Cathode Current 2-4mA
Discharge Voltage 45V
Discharge Current 0.3mA
Accelerator Voltage 300V
Accelerator Current < 1lmA
Beam Voltage 500V
Beam Current 15mA
Neutraliser Current 19mA

Table 2.1: Typical ion gun settings for standard ion mill.

to the anode. A grid system extracts ions from the plasma and accelerates them
towards the sample stage. A second (neutraliser) filament at the front of the gun,
emits electrons to combine with and neutralise the ions before they strike the sample.
Table 2.1 shows the typical settings used to generate a suitable ion beam. The key
parameters are the beam voltage and the beam current. A beam voltage of 500V
is sufficient to ensure that incident neutralised ions have enough energy (500eV)
to eject material from the sample, but without inducing significant damage to the
crystal structure of the surface of the sample. The beam current is set to give a
reasonable mill rate, without over-heating the sample. The sample is attached with
vacuum grease, to a water cooled rotating stage (to improve etching uniformity)
inside the vacuum chamber which is pumped to a base pressure of 10~5mbar before
being filled with argon gas (using a mass-flow controller) to a milling pressure of
2 x 10~*mbar. The films are milled with the ion beam perpendicular to the plane of
the substrate. The sample stage is grounded to reduce the charging of the sample
from ions that fail to be neutralised. A window enables the user to see when the
etching of a particular layer is complete. Typical mill times are 6-8 minutes for a
200nm gold film and approximately 45 minutes for a 200nm YBCO film.

Although chemical wet etching processes can be used to pattern YBCO and
gold thin films, with argon ion milling one can easily achieve a much higher pattern-
ing resolution (approximately 1um). Another advantage of ion milling for etching
YBCO is that it is a dry process thus avoiding the risk of chemically contaminat-

ing the thin film and avoiding contact with water (a typical YBCO chemical etch
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solution is a 1:1000 mix of orthophosphoric acid to water). Advantages of the chem-
ical etching process are speed (to wet etch a 200nm film takes approximately two
minutes) and that it is the only technique available for etching large wafers (YBCO
films on 30 x 10mm substrates have been patterned using ion milling [17], though

milling larger substrates would be difficult due to positional variations in the ion

beam and the corresponding etch rate).
Lift-off photolithography

Argon ion milling of SiOj thin films is difficult as such highly insulating materials
are prone to charging effects and thus have variable milling rates. For this reason a
lift-off procedure is used to pattern the SiO, films. Lift-off involves depositing the
thin film over a photolithographically patterned aperture mask then removing the
regions deposited directly on top of the photoresist in an acetone ultrasonic bath.
The procedure used for HTS is closely related to that used in LTS fabrication at
Strathclyde. The sample is prepared with a 1.6um thick layer of S1818 photoresist
which is baked on a hotplate for 3 minutes at 75°C. The edge of the photoresist is
removed using a 30s UV exposure and a 40s develop. The second photolithography
stage then removes the photoresist from where the SiO; is to be patterned into the
device structure, using a 10s exposure and 1 minute develop. The sample is then
soaked in chlorobenzene for 5 minutes - this allows the resist to be removed cleanly
in the acetone. The sample is dried with N, gas and then baked for a further 1
minute at 75°C to remove the chlorobenzene. A SiO, film is then deposited over the
patterned resist mask as described in Section 2.2.2 and then patterned by soaking
for 1 hour in acetone before ultrasonic bathing in fresh acetone for about 5 minutes.
This dissolves the photoresist lifting off the film on top, leaving only SiO, in the

regions where the resist was removed by photolithography.
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2.4 Summary

This chapter described the standard procedures used for the fabrication of HTS
devices at Strathclyde. The PLD system, photolithography and ion milling pro-
cedures, were used to grow and pattern all the YBCO devices described in this
thesis. The same patterning procedures were used to form contact pads from the
gold films deposited using the sputtering system described above. The ion-milling
and photolithography procedures are the basis of the step-edge fabrication proce-
dure which is described in depth in the next chapter. The SiO, deposition system

and lift-off photolithography processes were used to fabricate insulating layers in the

gradiometric SQUID devices described in Chapter 6.
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Chapter 3

Step-edge Junctions

This chapter describes the fabrication, characterisation and performance of HTS
step-edge junctions. The motivation for this work, and a brief review of the literature
on the microstructure of step-edge junctions, are given in the first section. The
following section describes the fabrication process, including how it is maintained
and monitored. The next section details the instrumentation and methods used to
measure the properties of the junctions. The final section discusses the electrical

characteristics of the step-edges, and includes a comparison between the properties

of the step-edge and bicrystal junctions fabricated at Strathclyde.

3.1 Introduction

3.1.1 Motivation

Prior to the work presented in this thesis, the dc SQUIDs and multi-junction
devices fabricated at Strathclyde exclusively incorporated bicrystal junctions. The
motivation for the work discussed in this chapter was to establish a reliable fabrica-
tion process to produce high quality, RSJ-like step-edge junctions as an alternative
to the bicrystal technology.

Step-edges have several advantages over the use of bicrystal substrates. The
topological limitation imposed by a straight, single grain boundary across the cen-
tre of the bicrystal substrate presents an inconvenience in device design. With
step-edges, junctions can be placed anywhere on the substrate and superconducting
tracks can cross the centre of the substrate without crossing a grain boundary. (In
Chapter 6 the gradiometric SQUID is introduced, a device which requires the lay-

out freedom of step-edge junctions.) The other major advantage of step-edges is the
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saving in terms of substrate costs compared to bicrystals: a single crystal substrate
is approximately 5 times less expensive. A common misconception is that the per-
formance of junctions and SQUIDs incorporating step-edge junctions is generally
poorer than that of bicrystal devices. In this and the following chapter, it will be
demonstrated that this need not be the case. The only significant disadvantage of
the step-edge technology is that it is more labour intensive, with considerable effort

required to establish and maintain a reliable fabrication process.

3.1.2 Microstructural properties

The development, analysis and optimisation of step-edge junctions has been
reported extensively in the literature, and only a brief review of the microstructure
of step-edge junctions will be given here. An extensive review can be found in [1].

The electrical properties of the junction are closely related to the detailed mi-
crostructure of the film grown over the step [2]. The key parameters that determine
the junction properties are the step-angle 6 and the ratio of the film thickness ¢
to step height h. In addition, the nature of the film growth over the step depends
on the substrate material, the edge morphology of the step and the film growth
technique (3, 4].

In the present work (100) STO substrates were used with YBCO thin films
grown by pulsed laser deposition as described in Chapter 2. For such materials, the
dependence of the film microstucture on the step-angle § has been reported in the
literature [5]. For § > 45°, the film grows with a different c-axis orientation on the
step, with two approximately 90° tilt grain boundaries at the top and bottom of
the step. For § ~ 45° the grain boundaries are similar and the junction behaves
as two weak links in series. For steeper steps (6 > 60°), the two grain boundaries
become dissimilar such that the lower is likely to have a smaller critical current
and dominate the junction’s electrical characteristics. For SQUID use a dominant
grain boundary is advantageous since only a single weak link in each junction defines

the SQUID characteristics. The relationship between the film microstructure and
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step-angle is strongly dependent on the choice of substrate material. For example,
YBCO films on MgO substrates have an entirely different dependence, with grain
boundaries reported to occur for step-angles as low as 6 ~ 20° [6].

Obtaining low-noise, RSJ-like junctions is highly dependent on the ratio t/h.
The optimum value of ¢/h depends on the choice of substrate material. For MgO
substrates RSJ-like junctions have been fabricated over the range of 0.4 < t/h < 1.1
[6]. For STO substrates, RSJ- like behaviour is usually observed over a narrower
range (e.g. 0.62 < t/h < 0.78 in [7]). However, for any type of substrate material,
the exact range depends on the step fabrication process and on the film growth
technique.

Junctions that have t/h values outside the RSJ-like range tend to exhibit resis-
tive or flux-flow I-V characteristics. When the film thickness is considerably smaller
than the step height, resistive characteristics are observed due to a discontinuity in
the superconducting pathway over the step. For film thicknesses significantly larger
than the step height, flux- flow behaviour is observed, as a result of superconducting

shorts, due to outgrowths in the film over the step.

3.2 Fabrication

3.2.1 Introduction

Many different techniques and materials have been reported in the literature
for the fabrication of step-edges. Wet-etching [8] and lift-off techniques [9] have
been used to define the step, but the most common method is to dry-etch the step
by ion-milling a masked substrate. Niobium [10] and diamond-structure thin-film
carbon masks [11] have been used. However the simplest approach, and the one
adopted here, is to use a photoresist mask.

Obtaining a steep edge on insulating materials such as STO is more difficult
than obtaining steep edges on materials such as YBCO. This is due to the slower mill

rate of STO as well as charging effects and sensitivity to beam neutralisation when
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1on milling insulating materials. As the morphology of the step-edge determines
the junction properties, a straight well-defined and sufficiently steep (i.e. 8 > 60°)
step-edge is desirable. In addition, to obtain a step of suitable height, the milling
time is considerably longer than the milling time for a typical YBCO thin film.
Because of these factors, great care must be taken to ensure that a high quality,
well-defined photoresist edge is patterned on the substrate before milling. The right
photolithography parameters are crucial for obtaining a resist mask of sufficient
quality to produce a good step-edge.

The standard photolithography and milling procedures, using the same chemi-

cals and equipment as described in Chapter 2, are the basis of the step-edge fabri-

cation process.

3.2.2 Photoresist mask preparation

For successful step-edge production the photoresist mask must develop cleanly,
be straight and well defined, and be of a sufficient steepness and thickness. The
thickness of the resist is set by the spin speed when coating the substrate. To make
a step-edge of suitable height (typically 300nm), a resist thickness of 1.6um was
found to be sufficient. This was obtained from a spin speed of 6000rpm, as specified
by the resist manufacturer. (The thickness of the resist was also checked using a
Dektak profilometer to confirm the manufacturer’s data.)

As discussed above, to produce step-edge Josephson junctions on STO sub-
strates with suitable electrical characteristics for use in SQUIDs, the steps must be
steep with an angle greater than 60°. To achieve such an angle by argon ion-milling,
the angle of the photoresist should be as steep as possible (> 80°). The resist mask
must also have a straight edge to produce a straight step-edge for low noise junc-
tion fabrication [12]. Such requirements necessitate a controlled photolithography
process, that takes place in suitable environment for photoresist processing. The
chemistry of the photoresist is dependent on air temperature and humidity, and

for this reason the controlled environment of a clean room is required to produce
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suitable masks for step-edge fabrication. The conditions recommended by the pho-
toresist manufacturer are an air temperature of approximately 20°C and humidity
of 45-55%. During the course of this work, the clean room air conditioning system
failed and was replaced. With no environmental control, the humidity was typically
less than 20% and the temperature varied between 20°C and 30°C. During this
period all of the step-edges fabricated had angles of less than 40°.

Given the correct environmental conditions, producing a resist mask requires a
precise exposure time and to a certain extent a controlled develop time. If the mask
is under-exposed, the resist requires an excessive develop time and will not develop
cleanly. Small deposits of resist may remain on the substrate, and the edge will
be poorly defined. If over-exposed, a steep and straight edge will not be defined in
the resist when developed. The pre- expose bake conditions are also crucial. The
amount of PhotoActive Compound (PAC) present in the resist, prior to exposure, is
determined by the temperature and duration of the pre-expose bake. The dissolution
rate of the resist in the developer is a function of the amount of PAC converted by
the UV exposure. The application of heat destroys PAC, thus an excessive bake
time and/or temperature will result in all the PAC in the resist being destroyed and
the resist will not develop. In contrast no pre-expose bake would leave the resist
too soft to be developed successfully. The bake conditions should be set to find the
right balance between these two extremes. Suitable exposure and bake times should
allow the resist to be completely developed in a time of 30-50s. Too long a develop
time is undesirable as undercutting of the resist becomes a problem, a consequence
of the developer attacking the resist at the interface with the substrate.

After patterning, the resist masks were examined using an optical microscope.
Figure 3.1 shows photographs of two resist edges, highlighting some of the effects
discussed above. The steepness of the edge of resist can be very roughly approxi-
mated through optical inspection by examining the thickness of the optical fringe at
the resist edge. The sample shown in Figure 3.1(a) clearly has a rougher edge and

a wide fringe and therefore shallower angle than the sample shown in (b).
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Figure 3.1: Optical micrographs of photoresist edges: (a) an over-exposed resist edge with a
rough edge morphology and shallow angle, and (b) a resist edge suitable for step-edge fabrication
produced using the optimised recipe as detailed in Table 3.1

The initial optimised photolithography procedure developed for step fabrication,
has been monitored and adjusted to try to maintain a high yield of suitable step-
edges. Some time after the process was established, the initial high yields began
to drop and the fabrication parameters required adjustment. Table 3.1 illustrates
how the optimised conditions have changed, showing the current parameters used

to produce the resist mask, and the ranges over which these settings have varied

during the course of this work.

3.2.3 Step etching

Once the photoresist has been prepared, the samples are ready to be etched.
Conventional Ar* milling, as described in Chapter 2, is used to etch the step. The

sample is mounted on a water-cooled, rotating stage (to improve step uniformity)

Process Current Value Range of Values
Pre-bake temperature 95°C 95°C

Pre bake time 95s 80-110s
Edge removal expose 30s 30s

Edge removal develop 30-40s 30-40s
Step mask expose 8.9s 7-10s

Step mask develop 30-40s 30-90s

Table 3.1: Photolithography settings for step-edge fabrication. The table shows the current values

of the fabrication parameters and the range over which they have varied during the course of this
work.
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300nm

(a) (b)
Figure 3.2: Atomic force microscope (AFM) images of step-edges. (a) An AFM image of a step-

edge produced with the optimised fabrication process. The step height h ~ 300nm and step-angle
f ~ 70°. (b) An AFM image of a step-edge with a shallow angle of 6 ~ 40°.

and milled with the beam incident at 90° to the substrate plane. Deviations from
a 90° milling angle were found to reduce the angle of the step-edge significantly.
Samples are milled for a controlled time to produce a step with approximately
the desired height. After milling, the samples are cleaned and inspected with the
optical microscope, to examine the straightness of the edge, and with the Dektak
profilometer, to measure the height of the step.

Prior to film deposition, each step-edge was examined using an atomic force
microscope (AFM) to measure the angle of the step and inspect the morphology
of the edge. When the photoresist mask preparation and milling procedure were
fully optimised, the step-angle () was in the range 60° to 70°, and the step height
varied by less than 5% across the substrate. Figure 3.2(a) shows an AFM image of
a typical step produced from the optimised fabrication procedure, and Figure 3.2(b)

shows a step produced when there were problems with the fabrication process.

3.2.4 Junction patterning

After the step has been etched, YBCO thin films are grown by pulsed laser
deposition, and patterned into the junction structure using standard photolithogra-
phy and Ar* milling as described in Chapter 2. A gold layer is sputtered over the

sample and patterned to form electrical contacts. A scanning electron microscope
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Figure 3.3: A scanning electron microscope image of a completed step-edge junction. This image
was taken at CSIRO with assistance from Dr Cathy Foley.

(SEM) image of a completed junction is shown in Figure 3.3.
Finally, the junction chips are mounted onto printed circuit board (PCB) chip

carriers with the gold contact pads connected to the copper of the PCB by ultra-

sonically bonded aluminium wire.

3.3 Experimental Details

3.3.1 Introduction

I-V curves were measured for all the step-edge junctions fabricated throughout
this work. A numerical fitting procedure was used to extract the junction properties
from the measured I-V curves. The modulation of the junction critical current with
applied magnetic field, I(B), was measured for some of the junctions.

Before discussing the different techniques used to characterise the junctions, a
few details that are general to all the experimental measurements performed should

be mentioned. All the junctions were tested at 77K in a liquid nitrogen bath. The
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junctions were cooled inside a single layer of mu-metal, to provide shielding from
the Earth’s field and low frequency interference. The electrical characteristics of the
junctions were always measured in a four terminal configuration using a rf-noise-
filtered probe. An EG&G pre-amplifier was used to provide additional low-pass

filtering of the voltage signal with a 3dB cut-off at 30Hz to reduce mains interference.

3.3.2 Data acquisition

The measurement of the I-V curve is computer controlled using in-house soft-
ware developed by J. Kuznik [13]. An HP-3245A current source is driven by the
control software to sweep a designated range of bias currents through the sample.
The voltage across the sample is amplified by a factor of 1000 by the EG&G pream-
plifier and measured by an HP-3458A multimeter for every value of bias current
applied by the source. The data is fed back into the control software and the volt-
age across the junction is recorded as a function of the bias current. For junctions
exhibiting RSJ-like characteristics, estimates of the junction critical current I and
normal state resistance Ry can be made. While Ry can be measured with reason-
able accuracy from the recorded curve by measuring the gradient of the curve at
currents much larger than I¢, an accurate measure of I¢ for junctions with small
critical currents is difficult due to thermal noise rounding of the I-V curve (see
Section 3.3.3 and discussion in Chapter 1). A numerical fitting procedure used to
extract an accurate value for I¢ from the I-V curve is described in below.

The measurement probe has an integrated, calibrated coil, to enable the mea-
surement of junction characteristics in the presence of an applied magnetic field.
In-house software (developed by P. Tavares [14]) drives an additional HP-3245A
source to bias the probe coil with a constant current and uses the Kuznik program
to measure the I-V curve in the presence of the magnetic ﬁeid generated by the
coil. The Tavares program extracts the current (=~ Ic) from the Kuznik I-V data
corresponding to a non-zero voltage using a 1uV criterion. The software repeats

this process over a designated range of coil currents to obtain an Ic(B) curve.
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3.3.3 RSJ curve fitting

The I-V characteristics measured for an HTS Josephson junction at 77K will
have deviations from the ideal RSJ model. Superconducting channels may be present
in parallel with the actual Josephson junction resulting in excess supercurrent flow
though the junction. The current at which the junction switches to the voltage
state will be Ic + I where I, is the excess supercurrent. A straight line fit to
the asymptote of the measured I-V characteristics is measured will correspond to a
summation of the junctions critical current /¢ and the excess current associated with
charge carrier transport through the superconducting channels. Noise rounding is
present in the I-V curve due to thermal (Nyquist) noise in the junction of spectral
density S; = 4kgT'/Rn. As aresult the junction may enter the resistive state for bias
currents below Ic. The measured I-V curve records a time averaged voltage and
as a result will deviate from ideal RSJ characteristics. While Ry can be measured
reasonably accurately from the recorded I-V curve by linearly fitting the resistive
part of the data where I > I, it is difficult to accurately measure I due to the
effect of noise rounding.

A programme was written by A. Eulenburg [15] to calculate the I-V charac-
teristics given by the RSJ model at non-zero temperature, based on the work of M.
Colclough [16]. The programme numerically fits a theoretical noise-rounded RSJ
curve (at 77K) to the measured I-V characteristic, for varying parameters I and
Ry. The optimum data fit yields a best estimate of the junction properties I¢ and
Rn. Note that an excess current could potentially comprimise the quality of the
RSJ fit, as no excess current term is included in the programme’s fitting procedure.
However, in general their is little evidence of any excess current in the I-V char-
acteristics of a good junction at currents much greater than I, and consequently
any pertubations in the fitted values of I¢c and Ry arising from excess currents are
considered negligable.

To illustrate the need for this fitting procedure to accurately obtain I¢, exam-

ples of the numerically fitted I-V curves for two step- edge junctions are shown in
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Figure 3.4: I-V curves for two step-edge junctions measured at 77K (ooo ) with RSJ fits including
noise rounding (—) and the ideal RSJ curves for the junctions at T = OK for the fitted Ic and
Ry values (---) calculated using Equation 1.7. The junctions shown have fitted parameters (a)
Ic = T6pA and Ry = 3.5290; and (b) Ic = 4.1pA and Ry = 15.8Q).

Figure 3.4. A junction with a relatively large Ic = 76pA is shown in Figure 3.4(a),
and a second junction with a small Ic = 4.1pA is shown in Figure 3.4(b). For both
junctions the figure shows the measured data taken at 7' = 77K, the RSJ fit to that
data and the ideal RSJ curve at T' = OK given by Equation 1.7 using the fitted
values of Ic and Ry. For both junctions there is a discrepancy between the data at
T = 77K and T = OK. However this discrepancy is more significant for the junction
with the smaller critical current, as the thermal energy becomes comparable with
the Josephson coupling energy for junctions with Ic ~ 3.3uA [17] (as discussed in
Chapter 1). For junctions with large critical currents a reasonable estimate of I can
be made by taking the smallest current for which a non-zero voltage appears across
the junction, but for smaller critical currents this method becomes more inaccurate

and one can significantly underestimate Ic. Unless otherwise stated all values of I

and Ry quoted in this thesis were obtained using this fitting procedure.

3.4 Junction Electrical Properties

This section describes the properties of the step-edge junctions fabricated during

the course of this work. Detailed discussions of the dependence of the junction

properties (Jo, px and IcRy) on the ratio of film thickness to step height (t/h),
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Figure 3.5: (a) The variation in junction critical current I as a function of the ratio of film

thickness to step height t/h. (b) A typical RSJ-like I-V curve obtained at T7K. (¢) An example
of a flux-flow I-V curve obtained at 77K.

the behaviour of the junctions in applied magnetic fields and a comparison with the

properties of Strathclyde bicrystal junctions are included.

3.4.1 t/h dependence

To study the dependence of the junction characteristics on the t/h ratio, the
film thickness was kept constant at ¢ = 200nm and tracks of width w = 2 or 3pm

were patterned on steps of various heights. Note that all the junctions discussed in

this section were fabricated on optimised steps (i.e. 6 > 60°).

The variation in measured critical current I with t/h for devices fabricated
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on 6 different chips is shown in Figure 3.5(a). I¢ for RSJ-like junctions was mea-
sured using the fitting procedure discussed above; for flux-flow like behaviour I¢
was estimated from the I-V curve. RSJ-like I-V characteristics were observed for
0.59 < t/h < 0.86. In this regime the yield of RSJ-like junctions was good, approx-
imately 85%. There was no evidence of multijunction behaviour: no additional
“kinks” in the voltage state were observed for any of the RSJ-like junctions up to
the maximum bias currents applied (typically ~ 5I¢c). For t/h < 0.59 the junctions
were resistive, whereas for ¢/h > 0.86 they exhibited flux-flow behaviour. Exam-
ples of measured RSJ-like and flux-flow characteristics are shown in Figure 3.5(b)
and Figure 3.5(c) respectively. In the RSJ-like regime there was a reasonably large
(> 100%) chip-to-chip variation in Ic. On a single chip the spread was smaller, with
an average on-chip spread in Ic of 55% for the 6 chips, and a spread of approxi-
mately 10% on the best chip on which 4 junctions were tested. These findings are
in broad agreement with reports from other groups who fabricate junctions using
the same materials and a similar process [7, 18, 19].

The critical current density J¢ of each of the RSJ-like junctions is plotted on
a linear scale as a function of ¢/h in Figure 3.6(a), with Figure 3.6(b) showing the
variation in the junction normal state resistivity py with ¢/h. The large scatter in
the two figures makes it difficult to identify any significant dependence of Jc or pn
on t/h, though the data suggests there may be an increase in Jc and a corresponding
decrease in py with an increasing t/h. A similar trend was reported in [18], where
Jo was found to increase with increasing ¢ /h for a fixed film thickness. The normal
state resistance Ry values measured for the junctions are shown in Figure 3.6(c),
plotted versus t/h. Figure ??(d) shows the spread in IcRy product for RSJ-like
junctions. The junctions have a mean IcRy of 130V with a standard deviation of
60uV. The IcRy product appears to be largely independent of t/h in the RSJ-like
regime. This is beneficial as it is difficult to control h exactly during ion-milling - a

consequence of the charging effects when milling insulating materials, as discussed

earlier in this chapter.
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Figure 3.6: (a) Variation in junction critical current density Jc for the RSJ-like junctions as a
function of the ratio of film thickness to step height t/h. (b) Variation in junction resistivity py

as a function of t/h. (c) Variation in the junction normal state resistance Ry as a function of t /h.
(d) Variation in junction IcRy product as a function of t/h.
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3.4.2 IcRy scaling with J¢

The scaling relationship between the IcRy product and the junction critical
current density Jc provides important information about the nature of the super-
current and normal current transport across the grain boundary [20]. The transport
mechanisms present in HTS Josephson junctions are not yet clearly understood, but
the physics is evidently different from that of the LTS superconductor-insulator- su-
perconductor (SIS) junctions; for LTS SIS junctions I¢ Ry is largely independent of
Jc and approximately equal to A/e, where A is the energy gap of the LTS material.
For a wide range of HTS grain boundary junctions, there are reports that IoRn
varies with Jc" where n = 0.5+ 0.1 (e.g. [21]-[24]). This scaling behaviour has also
been observed in other types of HTS junctions: in ramp-edge junctions [25] and also
trilayer junctions [26]. This implies that a similar physical mechanism determines
the scaling relation for both grain boundary and other HTS junction types. Com-
prehensive discussions on this scaling relation can be found in references [20] and
[27].

The step-edge junctions discussed here show scaling relations in agreement with
the findings discussed above. For the RSJ-like step-edge junctions a straight line fit
yields n = 0.49 as shown in Figure 3.7. Note that Jc is estimated by assuming the
critical current distribution is uniform across the junction and taking the product of

the film thickness and the junction width (¢ x w) as an estimate of the cross-sectional

area of the junction.

3.4.3 Junction behaviour in a magnetic field

The behaviour of I¢ in an applied magnetic field B can provide important infor-
mation about the junction uniformity and the stability of the junction for SQUID
applications in an unshielded environment. For an ideal Josephson junction, one

would expect the junction’s critical current to show Fraunhofer-like modulation (29]
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junctions. The best fit line to the data points is also shown.

with

Ic(B) = Ic(0) (3.1)

sin(rB/AB) l
mB/AB

where AB is the field corresponding to the first minimum in 7.

The Ic(B) dependence obtained for a 3pum-wide step-edge junction at 77K is
shown in Figure 3.8. The curve resembles an ideal Fraunhofer pattern with almost
complete suppression of I¢ at the first minimum (the non-zero value is an indication
of slight non- uniformities in the critical current distribution in the plane of the grain
boundary). The ratio of the height of the central peak to that of the side peaks is
smaller than one would obtain for an ideal Fraunhofer pattern. This again suggests
non-uniformities in the critical current distribution, for instance the critical current
could be larger at the edges of the superconducting track [30]. I(B) curves reported
in the literature are often poorer than Figure 3.8, indicating a greater degree of non-
uniformity in the distribution of /¢. The curve presented here compares well with

the best reported in the literature for step-edge junctions.

From Figure 3.8, AB was measured to be approximately 220uT. For pla-
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Figure 3.8: The magnetic field dependence of the critical current for a 3um-wide RSJ-like step-edge
junction at 77K.

nar, grain boundary Josephson junctions, with superconducting films of sufficient
thickness such that wt > A? where )y, is the London penetration depth, Rosen-
thal et al predict a periodicity of AB &~ ®gt/2al,w?® [31] where « is a constant
relating to the degree of flux-focusing of the field through the junction. Taking
A as M(T) = AL(0)//1— (T/Tc)* and estimating AL(0) = 140nm [33] gives
AL(77) = 214nm and yields o = 0.51 for the junction shown in Figure 3.8. This
agrees reasonably well with the experimental work of Rosenthal et al reported in [31]
where they measured o =~ 0.4 for a biepitaxial junction. For Strathclyde bicrystal
junctions values have been measured of a ~ 0.39 [32] and o =~ 0.26 [34]. All these
measurements are in reasonable agreement, however factors such as the uncertainty
in the estimate of A, unwanted deviations from a normal orientation of the applied
field relative to the plane of the grain boundary [5] and that the step-edge is a
non-planar structure will affect any strict comparison.

No flux jumps [35] were observed in the I¢(B) characteristics up to an applied

field of 500xT. Since this is well in excess of the Earth’s magnetic field, this suggests
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the junctions are stable for use in SQUIDs operating in an unshielded environment.

3.4.4 Comparison with bicrystal junctions

In this section a comparison will be given between the RSJ-like step-edge junc-
tions discussed in this chapter, and the YBCO/STO bicrystal junctions fabricated
at Strathclyde [32]. The data discussed for the bicrystals comes from a sample of
67 devices fabricated on 17 different chips (12 of the substrates had a misorienta-
tion angle of 24° and the other 5 had a misorientation angle of 30°). The bicrystal
chips were tested during and prior to the work presented in this thesis, with all the
bicrystal junctions having widths of 2 or 3um. Many of the bicrystal chips discussed
here were fabricated and tested by C. Carr, A. Eulenburg and E.J. Romans.

For the Strathclyde bicrystals the yield of junctions showing RSJ-like charac-
teristics is approximately 95%. This is moderately better than the yield of 85%
obtained for the step-edges discussed above. Clearly for SQUID applications a high
yield of junctions is desirable where one must have two working junctions to obtain
a working SQUID. If it is assumed that junction failure is random, the yield fig-
ures discussed above translate to SQUID yields of 72% for step-edges and 90% for
bicrystal SQUIDs. The slightly poorer yield for step-edges is not unacceptable if
one considers the savings in substrate costs compared with bicrystals.

Figure 3.9 shows the measured junction parameters for the bicrystal and step-
edge devices. The step-edge junctions had a mean IcRy of 130uV with a standard
deviation of 60uV. This is better than for the bicrystal junctions which have a mean
IcRy =~ 100pV with a standard deviation of 50uV. Although a better mean IRy
product is achieved for the step-edges, the spread in IcRy is slightly worse. The
on-chip spreads in Ic and IcRy are also slightly poorer for the step-edges, with an
average on-chip standard deviation in Ic Ry of approximately 35% for the 3 step-edge
chips on which 4 or more junctions were tested; for the bicrystals an average on-chip
standard deviation of 24% was achieved [15]. The chip-to-chip spreads are larger

than one would expect to arise from the tolerances of the fabrication techniques used;
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Figure 3.9: Plot showing the spreads in the junction properties I and Ry for the step-edge
junctions (‘e ) and the bicrystals (O ). The solid lines plotted on the graph indicate the mean I Ry
products for the step-edges and bicrystals of 130pV and 100uV respectively. The two dashed lines

indicate Ic Rnx products of 50V and 200uV to give an idea of the spread observed for both types
of junction.

both the junction width and the film thickness should vary by less than +25% from

the desired values of 2um or 3pum and 200nm respectively. Although the spreads are
larger than one might expect, they are typical of those observed by other groups for

both step-edges (e.g. [5, 7, 36]) and bicrystals (e.g. [33, 37)).

3.5 Summary

As an alternative to the bicrystal junctions used at Strathclyde, a step-edge
junction technology has been established and characterised.

The dependence of the junction I-V' characteristics on the ratio of the film
thickness to step height ratio (£/h) was studied to determine the range of step heights
for which RSJ-like junctions could be obtained for 200nm thick YBCO thin films. Of

the junctions fabricated on step- edges with ¢/A in the range of 0.59 < t/h < 0.86,

85% of them exhibited RSJ-like I-V characteristics. These junctions had a mean
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IcRy product of 130uV with IcRy independent of ¢/h. Although the spreads in
IcRx were slightly poorer for the step-edges the average Ic Rx was better than that
of the Strathclyde bicrystal junctions.

This scaling behaviour of the step-edge junction I¢Ryn product with the criti-
cal current density Jc was investigated. I¢Ry was found to scale with Jc" where
n = 0.49. This agrees well with many other groups who have studied the scaling
relation for many types of HTS Josephson junction.

Measurements of the dependence of the junction critical current on an applied
magnetic field, produced high quality Fraunhofer-like curves. The measurements
indicated that there were only slight non-uniformities in the distribution of I in
the plane of the grain boundary. The junctions were found to be stable in magnetic
fields with no flux jumps observed in the I¢(B) characteristics in applied fields up
to approximately 500uT. Such high quality modulation characteristics are rarely
reported in the literature for step-edge junctions.

This work demonstrates that by using a relatively simple fabrication procedure,
high quality step-edge Josephson junctions can be produced. The performance of
these junctions compares well with that of the Strathclyde bicrystals. The high
IcRy products and the demonstration of their stability in magnetic fields, suggest
that the Strathclyde step-edge junctions are suitable for application in SQUIDs to
be used in an unshielded environment. The performance of such devices shall be

discussed in later chapters.
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Chapter 4

Step-edge SQUIDs

This chapter focuses on the characterisation and performance of autonomous
step-edge junction SQUIDs. After describing the motivation for this work, a section
details the design and fabrication of the step-edge SQUIDs, and includes discussion
on the calculation of the SQUID inductance Lgq. This section also describes the
Josephson junction characteristics that are required for use in HTS SQUIDs, with
reference to the relevant findings of Chapter 3. The following section focuses on the
electrical characteristics of the step-edge SQUIDs, including details of the measured
I-V and V-@ curves, inductance measurements, the maximum voltage modulation
depth AV and the SQUID noise performance. The final section compares the per-

formance of the step-edge SQUIDs with that of 24° bicrystal SQUIDs fabricated at
Strathclyde.

4.1 Introduction

4.1.1 Motivation

The previous chapter described the step-edge Josephson junction technology es-
tablished during the early stages of the present work. The Josephson junction is the
critical element of the SQUID, and in this chapter the characterisation and perfor-
mance of SQUIDs incorporating step-edge junctions will be described. In the context
of the work described in this thesis, this is most important from a fundamental point
of view, as the intrinsic noise of an optimised SQUID typically determines the noise
floor of a magnetometer or gradiometer into which it is incorporated. Autonomous
SQUIDs are however still important from a practical view point, in particular for

applications that require high spatial resolution such as magnetic microscopy (1]
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The most widely used type of autonomous SQUID is the square washer SQUID
developed by Ketchen and Jaycox [2, 3]. The best magnetic field sensitivity for an
autonomous HTS SQUID was achieved using a large solid washer design by Koelle
et al. [4] who measured a magnetic field noise of 150fT/vHz at 1kHz. However
when cooled in the Earth’s field, the 1/ f noise in such devices is generally high due
to the motion of flux vortices in the large washer structure. In addition, the field
sensitivity of autonomous SQUIDs is limited by the requirement to keep the SQUID
inductance low in order to minimise the intrinsic magnetic flux noise (see discussion
in Section 1.4 of Chapter 1).

The aim of the work described in this chapter was to develop low noise SQUID
based sensors for use in an unshielded environment - the focus was not on achieving
the best field sensitivity possible for an autonomous device, but instead on develop-
ing SQUIDs that are suitable for incorporation in directly coupled devices, particu-
larly single-layer gradiometers (see next chapter). All the SQUIDs discussed in this
chapter are of the conventional narrow-linewidth type (introduced in Chapter 1)
which are best suited for application in directly coupled devices.

It should be noted that the SQUID data discussed in this chapter is not only
from measurements of autonomous devices but also from SQUIDs incorporated into
single-layer gradiometers (SLGs). All of the measurements were taken inside suffi-
cient levels of shielding to prevent the direct pick-up of environmental interference
by the SQUID (and by the pick-up loops for the SLG devices) from significantly

perturbing the measurement of the intrinsic SQUID characteristics.

4.2 Design and Fabrication

4.2.1 Junction requirements

Low noise SQUIDs require high quality, non-hysteretic resistively shunted J oseph-
son junctions. In addition the junctions should have sufficient coupling energy so the

junction noise parameter I' < 0.2 [5] (see Equation 1.8 and discussion in Chapter 1).
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For HTS devices operating at 77K this implies that the junction critical current I¢
should be greater than approximately 16pA. To achieve a reasonable flux sensitiv-
ity and to effectively couple the signal from the pick-up loops to the SQUID it is
desirable that the SQUID inductance Lgq is in the range 50-120pH. For this rea-
son, junctions with a relatively large critical current are undesirable as the SQUID
noise performance is optimised for a screening parameter (8, = 2LsqIc/®Po) of order
unity. The critical currents measured for the twenty RSJ-like junctions discussed in
Chapter 3 yield a mean critical current density Jc & 4.4A/cm?. This translates to a
mean junction critical current per unit junction width of approximately 8. 8 1A /um,
taking the film thickness as 200nm and assuming that J¢ is uniform. For junctions
of width w = 2um this implies that Ic = 17.6A which is close to the minimum re-
quired to meet the condition that I' < 0.2. More significantly the spread in I is such
that many of the 2um junctions discussed in the previous chapter have I < 16p:A
(see Figure 3.5(a)). For this reason the SQUID designs discussed in this chapter,
developed for use with step-edges, have a junction width of 3pum, for which the data

from the previous chapter implies that an average critical current of 26.4uA should

be expected.

4.2.2 SQUID inductance

The inductance of a SQUID Lgq is related to its geometrical structure and the
film thickness. By considering the SQUID to be composed of separate elements, sim-
ple expressions can be used to estimate the inductance of the SQUID. For example,
the inductance of the square washer SQUID shown in Figure 4.1(a) can be regarded
as having three components Lgq ~ Ly + Lg + Lj, where Ly is the inductance of the
central square hole in the washer of side d, Ls is the inductance of the slit of length
ls and Lj is the inductance of the junction striplines of length I; and width w. The
hole inductance can be calculated using an expression given by Ketchen valid in the
limit D >> 3d [6]:
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(a) i (b)

Figure 4.1: Schematic representations of (a) a square washer SQUID design and (b) a narrow-
linewidth SQUID design.

The slit inductance can be approximated as [6]

Ls ~ 0.6/J,0ls. (42)

The large line-width of the SQUID washer results in negligible contribution to
Ly and Lg from their kinetic inductances. In contrast the self inductance of the
junction striplines is dominated by their kinetic inductance. The self inductance

of

the junction striplines, approximated as the kinetic inductance, is given by (7]

o202

Ly = 1355 10T
tw

(4.3)

where 7 is the thickness of the film and ), is the magnetic penetration depth.

The inductance of the narrow-linewidth SQUID shown in Figure 4.1(b) can be
approximated as the sum of the contribution from the self inductance of the slit
(of length I = I, + I,) and the kinetic inductances. The slit’s self inductance is
more accurately estimated using the the standard inductance formula for co-planar
striplines [8, 9]. The total slit self inductance is split into two parts Lg = L, + L,

where L, is the self inductance of slit striplines forming the lower part of the SQUID
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loop of length I;, and L, is the self inductance of the junction striplines of length [,.

The inductance of each of these components can then be estimated using

L; = ﬂomli, (4.4)

where [; is the length of each part of the slit, k; = d/(d + 2w;) with d the dis-
tance between the superconducting striplines of width w; and 7 = 1,2. K is the

complete elliptical integral of the first kind and K' is the complementary function

K' = K(1 — k;*). The ratio K(k;)/K'(k:) can be approximated as

)

providing that 0.7 < k¢; <1 where k¢; = 4/(1 — k,-z). The restriction on the limits

of k.; translates to the approximate condition that w; > d/2. Note that in the
case of the narrow-linewidth SQUID, the contribution from the kinetic inductance
of the lower loop with strips of width w, is significant as well as that of junction
striplines. The kinetic inductance of junction striplines and the lower loop can again
be estimated using Equation 4.3.

The inductances of the SQUIDs discussed in this chapter were also modeled us-
ing the public domain finite element modeling package FASTHENRY [10] - originally
developed to calculate the inductances fdr normal metals [11], but subsequently
modified to treat superconductors [12]. FASTHENRY divides the superconductor
into filaments of rectangular cross-section. The inductance of each filament is cal-
culated and iteratively combined to compute the inductance being modeled. The
computed inductance includes the kinetic inductance contributions.

One of the advantages of calculating inductances using a package like
FASTHENRY, is the ability to model the effect of connections to the SQUID on its
inductance. In addition mutual inductances between the SQUID and nearby super-

conducting tracks can be calculated. However, note that whether one calculates the
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inductance using FASTHENRY, or using the simple stripline model (Equations 4.3-
4.5), the calculation of the contribution from the kinetic inductance is dependent on
the magnetic penetration depth AL(T) = A,(0)/ W Wide variations in
the quoted values of A(0) and a lack of understanding of the exact nature of A;, at
temperatures approaching Tc mean that the magnetic penetration depth can only
be estimated. In addition likely variations A;, along the edges of the sample, where
damage and significant oxygen losses from the HTS film may occur, contribute to
the uncertainty in the contribution from the kinetic inductance. For consistency,
throughout this thesis the penetration depth has been taken as A;,(0) = 140nm [13],
which yields AL(77) = 214nm.

The SQUID design shown in Figure 4.2(a) was modeled using FASTHENRY. The
effects of the bias (/) and voltage (V') connections, and the connections used to inject
current Iy to modulate the SQUID are included in the modeled SQUID inductance
Lsq shown in Figure 4.2(b) as a function of the slit length [, for a film thickness of
t = 200nm and penetration depth of Ay, = 214nm. The modeled SQUID inductance
as a function of Ay, for a fixed slit length of l; = 70pm is shown in Figure 4.2(c).
This illustrates how the uncertainty in estimating the penetration depth results in

difficulties in accurately obtaining a value for the SQUID inductance.

4.2.3 SQUID designs

Four designs of narrow-linewidth SQUID were fabricated and tested (denoted
as SQ1, SQ2, SQ3 and SQ4). All the designs were similar to that shown in Fig-
ure 4.2(a). Three of these were designed during the course of the present work (SQ2,
SQ3 and SQ4). These three designs all incorporate junctions of width 3um and have
a maximum SQUID loop linewidth of 4um to minimise the 1/f flux noise associated
with flux penetration when the device is cooled in the Earth’s field. The design
(SQ1) which was developed at Strathclyde before the present work, was originally
for use with bicrystal junctions. This design incorporates junctions of width 2um

(the Strathclyde bicrystal junctions have a slightly larger Jc than the step-edges)
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Figure 4.2: (a) The SQUID design being modeled showing the connections to the SQUID described
in the main text and the path of the injected modulation current Iy. (b) The modeled SQUID
self inductance as a function of ly for Ay, = 214nm. (c) The modeled SQUID self inductance as a
function of A\j, for a l; = T0um.

and has a maximum SQUID loop linewidth of 5um. All four SQUID designs have
slight variations in the structure of the /V" and modulation current connections. Ta-
ble 4.1 details the dimensions of each design corresponding to the labeled geometrical
parameters shown in Figure 4.1(b). The values calculated for the self inductance
of each SQUID design, using FASTHENRY and the stripline model (Equations 4.3-
4.5) are included in the table. Note that with FASTHENRY the SQUID inductance
includes any effect from the various connections to the SQUID while the stripline

model neglects the effect of these connections.

4.2.4 Fabrication

The SQUIDs discussed in this chapter were fabricated from masks designed to be

compatible for use with bicrystals as well as step-edges. A single straight step-edge
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d un l1 Wo l2 LSQ (S-L) LSQ (F-H)

Design  (pm) (pm) (pm) (pm) (pm) (pH) (pH)
SQl1 3 5 60 2 8 65 70
SQ2 4 4 64 3 7 67 67
SQ3 4 4 90 3 8 106 105
SQ4 4 4 100 3 8 116 114

Table 4.1: Geometrical dimensions and SQUID inductance calculated using FASTHENRY Lsq
(F-H) and the stripline model Lsq (S-L) for the four SQUID designs. The magnetic penetration
depth was taken as AL = 214nm.

was fabricated across the centre of each 10 x 10mm? single crystal STO substrate
using the procedure described in Section 3.2. The step height h on each substrate
was in the range of 240 to 330nm thus yielding a t/h ratio (where ¢t = 200nm is the
film thickness) within the regime required to obtain RSJ-like Josephson junctions as
described in Section 3.4.1. The YBCO films were grown using PLD and patterned
using standard photolithography and argon ion milling as described in Chapter 2.
Gold films were deposited and patterned into contact pads before the substrates

were wire bonded to PCBs to be tested.

4.3 SQUID Characterisation

The electrical properties of the step-edge SQUIDs are described in this section.
For each device the I-V and V-® curves were measured, the SQUID bias current
was optimised to measure the maximum voltage modulation depth AV and the
SQUIDs were operated in a flux-locked loop inside shielding to measure their intrinsic
flux noise. The characterisation methods and results from these measurements are

considered below.

4.3.1 -V measurements

The I-V characteristics of the SQUIDs were measured in liquid nitrogen in an
aluminum dewar, inside a single mu-metal shield. The procedure used to measure
the SQUID I-V curves was the same as that used to measure the step-edge junctions

discussed in the previous chapter (described in Section 3.3). The SQUID’s junction
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Junction No. of Mean I¢ Mean Ry Mean Ic Ry

width samples (uA) (Q) (uV)

SQUIDs 3 12 32.9 4.89 153
2 11 15.6 9.13 117

Junctions 2 17 17.2 9.29 128

Table 4.2: Junction parameters measured for 12 SQUIDs with 3um wide junctions, 11 SQUIDs
with 2um wide junctions and the 17 discrete 2pm junctions discussed in Chapter 3.

parameters Ic and Ry were taken as half and double the total SQUID critical
current and normal state resistance respectively, and were extracted using the RS
curve fitting procedure described in Section 3.3.3. The junction critical current
densities and normal state resistivities for the SQUIDs are broadly similar to those
measured for the step-edge junctions discussed in Chapter 3. As expected, the
SQUIDs incorporating junctions of width 3um generally had a higher I than was
found for the junctions in the previous chapter, which mostly had a width of just
2pm. Table 4.2 shows the mean values obtained for the junction properties I¢;, Ry
and IcRn of the SQUIDs incorporating 2um and 3um junctions and includes for
comparison, the data for the 2um junctions from the previous chapter.

The mean I¢ of the eleven 2um junction SQUIDs of 15.6uA is close to that ob-
tained for the 2um junctions as expected. It is however, slightly below the minimum
I of 16pA required to maintain sufficient Josephson coupling (i.e. T < 0.2). The
mean I of the 3um junction SQUIDs of 32.9uA is significantly above the minimum
required to obtain I' < 0.2. Of the twelve 3um junction SQUIDs, only one had an
Ic below 16puA. As discussed in Section 4.2.1, from the junction data discussed in
Chapter 3, a mean critical current of 26.4uA is expected for 3um junctions. The fact
that the mean obtained here is higher than this suggests that the critical current
density is non-uniform across the junction (85% of the discrete junctions discussed
in the previous chapter had a width of just 2um). In addition, this larger than
expected Ic may be a consequence of the continued refinements to the step-edge
fabrication procedure resulting in a better quality of junction (the 3um SQUIDs
were generally fabricated some time after the 2um devices) - the improved I¢ Ry

product of the 3um SQUIDs also supports this view.
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4.3.2 V-® measurements

All of the SQUIDs discussed in this chapter exhibited periodic voltage modu-
lation as a function of applied flux when at constant bias Iy > 2I¢. The SQUIDs
were cooled in liquid nitrogen in the aluminum dewar inside a mu-metal shield, as
for the I-V measurements. Flux was coupled to the SQUID by direct current injec-
tion through the SQUID loop with the modulation current Iy flowing through the
lower section of the SQUID loop as shown in Figure 4.2(a). An HP-3245A univer-
sal source swept the injected modulation current Iy over a designated range. The
voltage across the SQUID was amplified by a factor of 1000 and low-pass filtered
with a 3dB cut-off at 30Hz using an EG&G amplifier. The amplified and filtered
voltage output of the SQUID was recorded as a function of Iy using an HP-3458
multimeter and the Kuznik program (introduced in Section 3.3). The SQUID bias
current Ig was varied for each sweep of Iy to obtain the maximum peak-to-peak
voltage modulation depth AV for each device. Figure 4.3 shows the sinusoidal-like
V-® curves obtained for one of the SQ2 design SQUIDs for various bias currents. A
maximum modulation depth of AV = 14uV was obtained for this device at a bias
current of Iy = 50uA.

The inductance through which Iy couples flux to the SQUID can be measured
from the V-® curve. For each period Aly one flux quantum ®, is coupled to
the SQUID via the modulation coupling inductance. This modulation coupling
inductance is thus given by Ly = ®;/Aly. This inductance can also be calculated
using FASTHENRY or by using the stripline model introduced in Section 4.2.2.
Table 4.3 compares the mean measured value of Ly for each of the four SQUID
designs with the calculated values. The inductances predicted by FASTHENRY and
the stripline model are in reasonable agreement with the measured values considering
the uncertainty in the estimate of A,. In the discussion below (and in Chapter 5
where the same SQUID designs are used in SLGs), unless otherwise stated, the

quoted SQUID inductance and the value used in calculations shall be the value

calculated by FASTHENRY given in Table 4.1.
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Figure 4.3: Set of V-® curves obtained for a step-edge SQUID (SQ2 design), for 211A increments
in the bias current starting at 40pA (lower curve).

For perfect sinusoidal modulation the SQUID transfer function Vj is related to
the peak-to-peak modulation depth by AV = Vy® /7. From Equation 1.15 it can
be seen that a large modulation depth is desirable to minimise the intrinsic white
flux noise of the SQUID. In addition a large voltage modulation depth improves the
stability of the SQUID for unshielded operation. The analytical expression derived
by Enpuku et al. for the maximum voltage modulation depth was given in Chapter 1
(see Equation 1.13). Figure 4.4 compares the measured value of the maximum
modulation depth with the value predicted by Equation 1.13, where I, and Ry are

taken from the measured 7-V curves and Lgq is taken as the value calculated by

FASTHENRY. A straight line fit to the data suggests a general tendency to measure

Ly /pH SQ1 SQ2 SQ3 SQ4
Stripline 54 o8 97 108
FASTHENRY 0l 56 88 101
Measured 46 o7 90 104

Table 4.3: Comparison between the measured values of the modulation inductance Ly for e
SQUID design, and the values predicted by the stripline model and FASTHENRY.

ach
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Figure 4.4: Comparison between the measured maximum voltage modulation depth AVjyeas and
that predicted by Enpuku et al. AVjreq (calculated using Equation 1.13), for 23 step-edge SQUID:s.
The dotted line shows the best straight line fit to the data yielding AVieas = 0.63AVprea. The
solid line shows AViyeas = AVpred.

about 63% of the predicted value of AV. There is however a large spread in the
data - the two designs from which nine or more SQUIDs were fabricated (SQ1 and
SQ2) both have standard deviations in their mean AV values of approximately uV.
Other groups observe similar behaviour for their SQUIDs (not necessarily step-edge
SQUIDs), typically measuring a large spread in AV that is typically 40-70% of the
predicted value [14] [15] as discussed in Section 1.3.2 of Chapter 1.

Given the spreads in the junction critical currents and normal state resistances
discussed in Chapter 3, one significant cause of measuring a lower AV than expected
is likely to be asymmetries between the parameters of the two junctions in the
SQUID [16]. The measured V-® curves typically show deviations from the perfectly
sinusoidal modulation assumed by Enpuku et al. [17] (see Figure 4.3), which is
also likely to contribute to measuring a lower AV than expected. A significantly
larger than expected voltage modulation of 35 and 36,V was measured for two of
the SQUIDs, as shown in Figure 4.4. The RSJ-fit to the I-V characteristics of these
devices was poor. A comparison between SQUIDs with good RSJ and poor RSJ fits

is shown in Figure 4.5. Figure 4.5(a) shows a region of a RSJ-like I-V curve from
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Figure 4.5: I-V' curves of two step-edge junction SQUIDs showing (a) a good fit to the RSJ-model,
and (b) a poor fit to the RSJ-model.

one of the typical step-edge SQUIDs - the measured data and the noise rounded
RSJ-fit to the data (obtained using the program described in Section 3.3.3) are
shown. There is a good fit between the measured data and the fitted RSJ curve.
This device had a maximum modulation depth of AV = 13,V, approximately 57%
of the predicted value. Figure 4.5(b) shows the measured data and fitted noise
rounded RSJ curve for one of the SQUIDs with a high AV. The fit to this data
was poor, with the measured I-V characteristics clearly exhibiting a larger dynamic
resistance Rgy, = 0V/OI just above I¢, than predicted by the RSJ-model - note
from the curves plotted in Figure 4.5 that both SQUIDs had a similar I.. The
SQUID with a poor RSJ-fit exhibited a voltage modulation of 35V, approximately
152% of the predicted value. The larger than expected AV is a consequence of
the SQUID having a larger than expected dynamic resistance. Similar observations
were made for the SQUID which had a maximum modulation depth of 36, V. This
phenomenon has been observed in bicrystal devices as well, and is most common in
30° bicrystal SQUIDs [18, 19]. The physical origin of the larger than expected Hiva
and the corresponding large AV is clearly related to the current transport across
the grain boundary although the mechanism of this phenomenon is currently not

understood.
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4.3.3 Noise Measurements

To measure their intrinsic flux noise at 77K, the SQUIDs were operated in a
flux locked looped (FLL) as described in Section 1.3.1 using Conductus PC-100
electronics. The devices were cooled inside three concentric layers of mu-metal (z.e.
in nominally zero dc field), in a liquid nitrogen glass fibre cryostat. Several different
probes were used to measure the SQUID noise characteristics, all incorporating RF
screening and individually screened sets of twisted pairs to prevent crosstalk. The
output from the (FLL) was recorded using a HP-3561 dynamic signal analyser.

Typically, the flux noise of each SQUID was measured over a 1kHz bandwidth
from 1Hz using both dc and ac-bias (Section 1.3.2 explained how the use of the
ac-bias scheme suppresses 1/f noise). With dc-bias the onset of 1/f noise was
typically somewhere in the 10-100Hz range, and generally it was found that the
lower the intrinsic white noise of the device, the higher the frequency at which 1 /f
noise became apparent as one would expect. The 1/ f noise was generally suppressed
down to the lowest measured frequency of 1Hz using ac-bias, as one would expect for
a zero-field cooled narrow-linewidth SQUID fabricated from a high quality YBCO
thin film. Figure 4.6 shows the flux noise spectra measured for a typical step-
edge SQUID, recorded using both dc and ac-bias. The plot shows the flux noise
measured between 1Hz and 100Hz - between 100Hz and 1kHz the measured flux
noise was white for both ac and dc-bias.

Figure 4.7 shows the white flux noise measured for each SQUID as a function
of the screening parameter 8. Almost all of the 23 step-edge SQUIDs exhibited an
intrinsic white flux noise in the 10-30u®,/vHz range. Unfortunately the large volt-
age modulation depth measured for the two devices with high dynamic resistances
(larger than predicted by the RSJ-model) did not result in an exceptionally low flux
noise - the two SQUIDs had a white flux noise of 23;:®/v/Hz and 25u®,/v/Hz. This
is in agreement with measurements performed on 30° bicrystal SQUIDs at Strath-
clyde where a larger than expected AV does not result in particular good noise

performance [20]. Similar results have also been reported in the literature by others
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Figure 4.6: Shielded flux noise spectra recorded for a typical step-edge SQUID using ac and dc bias.
The curves meet at approximately 50Hz. With ac bias the noise is flat over the entire measured
frequency range, down to 1Hz.

[18, 21]. An exception to this is the work of Beyer et al. [19]. Their 30° bicrystal
devices have a high AV and low noise performance. In contrast with the other work
reported in the literature, the films used by Beyer et al. were grown by magnetron

sputtering rather than by PLD.

Two of the step-edge SQUIDs had a considerably poorer intrinsic white flux
noise than the others, measured as 50u®,/v/Hz and 46u®o/+/Hz respectively. The
46Dy / v/Hz device (a 105pH SQUID) exhibited a much smaller than expected AV,
probably a consequence of highly asymmetric junction properties, and in addition
had a large Ic of 51pA which gave rise to a large f, of 5.2. A combination of a
small AV and large f;, contribute to the high flux noise measured for this device.
The 50pu®Py/ vHz SQUID, which had an inductance of 114pH, also exhibited weak
voltage modulation of AV = 2,V. This was however close to that predicted by
Equation 1.13. This device had a poor IRy of just 104V, which resulted in the
small AV and corresponding high noise that was measured for this device. From

Figure 4.7 it can be seen that there is a very weak trend in observing a lower flux
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Figure 4.7: Intrinsic white flux noise measured for each of the 23 step-edge SQUIDs, shown versus
the screening parameter [y,.

noise in SQUIDs with a screening parameter of 8;, ~ 1. The large spread in the
measured data as a function of f, is similar to that found by Koelle et al. in
their recent study [14]. In common with their analysis, the white noise data from
the step-edge SQUIDs discussed here showed no clear correlation with the junction
properties, I¢, Ry and IcRy, or with the SQUID inductance Lsq.

Four of the 23 SQUIDs had an intrinsic white flux noise of 13,®, / VHz or better,
with the best device, a 70pH SQUID, exhibiting a white noise of just 5ud,/ VHz.
This excellent performance compares well with the lowest flux noise reported for
a step-edge SQUID of similar inductance of 2.5u®¢/vHz [22]. The parameters of

the four best step-edge SQUIDs are summarised in Table 4.4. The measured flux

LSQ 1, C Ry AL AVineas AVpred V Sq, fhiens Vv 3¢’pred

H A)  (Q) \Y \Y% :

(1;0) (1’3 ' 8) T (118) (L{g) (ud 5/\/'F123 “@e".ﬁﬁi)
70 202 46 20 17 17 8 5.3
70 80 104 05 v7 20 11 7.9
67 22.1 6.2 1.4 14 21 13 7.4

Table 4.4: Parameters of the four SQUIDs exhibiting the lowest flux noise in the wh

ite region.
The predicted flux noise was calculated using Equation 1.15 with Vi obtained using A

Vineas-
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Figure 4.8: Flux noise spectra measured for the step-edge SQUID which exhibited the lowest

intrinsic flux noise of approximately 5u®,/v/Hz in the white region. Noise spectra are shown for
both ac and dc bias.

n0ise v/ Seeas 15 compared with the predicted flux noise V' Sapreq calculated using
Equation 1.15 and the measured transfer function (i.e. Vi peas = TAVieas/®o). The

flux noise spectrum measured for the best SQUID is shown in Figure 4.8.

4.3.4 Comparison with 24° bicrystals

In the previous chapter, a comparison between the Strathclyde step-edge and
bicrystal junctions was given. The step-edges were found to have a higher mean
Ic Ry product than the bicrystal junctions. However the step-edge junctions also had
a larger spread in their junction properties than the bicrystal devices. In this section
a comparison is given between the step-edge and 24° bicrystal SQUIDs fabricated
at Strathclyde. The bicrystal data discussed in this chapter comes from a sample
of thirty SQ1 design SQUIDs of inductance 70pH incorporating junctions of width
2pm. This data will be compared with the data measured for the SQ1 design step-
edge SQUIDs. Most of the bicrystal SQUIDs were fabricated and tested by A.
Eulenburg, E.J. Romans and C. Carr.

As a larger mean IcRy is obtained for the step-edge junctions, one may ex-
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pect to see a correspondingly larger maximum voltage modulation depth AV for
the step-edge SQUIDs. However, for 11 step-edge SQUIDs fabricated on 5 different
substrates, a mean of AV =~ 15uV with a standard deviation of 94V is obtained,
which is no better than maximum modulation depths measured for the bicrystals.
For the thirty 24° bicrystals a mean of AV = 164V is obtained with a standard
deviation of 5uV. The lack of any increase observed in AV can be attributed to
the greater mismatch between the two junctions in the SQUID, which is a conse-
quence of the larger spread observed in the parameters of the step-edge junctions.
Comparing the measured values of the modulation depth AV, for the bicrystals,
with the maximum modulation depth predicted by Equation 1.13 supports this. For
the bicrystal SQUIDs a best fit to the data yields AV eas = 0.66AVjreq similar to
best fit of AVipeas = 0.63AVreq Obtained for the step-edge SQUIDs. Given that the
step-edge junctions were generally found to have a higher IcRy, the similar AV’s
obtained for the bicrystal and the step-edge SQUIDs suggests that the improved
IcRy of the step-edges is generally offset by the likelihood of there being greater
discrepancies between the parameters of the two junctions. The largest voltage
modulation depth measured for any SQUID was for a step-edge device which had
AV = 36pV. The intrinsic white flux noise of the bicrystal SQUIDs was generally
10-30u®o/ vHz, comparable with that of the step-edges as expected given the sim-
ilarities in their mean AV values. Both the best step-edge SQUID and the best
bicrystal SQUID had a similar white flux noise performance, both approximately

5udo/vHz.

4.4 Summary

The fabrication and characterisation of step-edge SQUIDs has been discussed.

The electrical properties of 23 step-edge SQUIDs were measured and compared with

the properties of the Strathclyde bicrystal SQUIDs.

All of the SQUIDs discussed in this chapter exhibited periodic voltage modu-
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lation in the presence of an applied flux. The SQUID bias current was optimised
to obtain the maximum voltage modulation depth AV for each SQUID. For the
step-edge SQUIDs, the measured value of AV for the SQUIDs was found to be, on
average, approximately 63% of that predicted using the analytical expression de-
rived by Enpuku et al. (Equation 1.13). The most significant factor contributing to
a smaller than expected AV is believed to be asymmetries in the electrical proper-
ties of the junctions in the SQUID. Taking into consideration the effects of thermal
noise rounding on the SQUID I-V characteristics, the curves measured for almost
all of the 23 devices closely matched those predicted by the RSJ-model. Two excep-
tions were devices which had a much larger than predicted dynamic resistance. This
resulted in these SQUIDs showing an unusually large maximum voltage modulation
depth, much greater than that predicted for the SQUID by Equation 1.13. How-
ever, given their large modulation depths, neither of these devices showed as good
a noise performance as one may expect. This is in agreement with measurements
performed on 30° bicrystal SQUIDs where the film is grown by PLD. In contrast,
Beyer et al. measure large values of AV and low noise performance for their 30°
bicrystal devices, where their films are grown by magnetron sputtering. The origin
of the high AV values and the corresponding noise performance and their relation to
the film growth technique and YBCO microstructure requires further investigation.

A comparison between step-edge and 24° bicrystal devices revealed that similar
AV’s and noise performances are obtained with SQUIDs incorporating both types
of junction. Compared with reports in the literature for both step-edge and bicrys-
tal devices, the 23 step-edges discussed here generally exhibited a favourable noise
performance. Almost all of the SQUIDs had a white flux noise of 10-301:%0/vHz
which is typical of values quoted in the literature for devices of similar inductance.
The best step-edge SQUID had an excellent noise performance with a white flux
noise of just 5u®g/ VvHz which compares well with the best value reported in the

literature.
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Chapter 5

SQUID Gradiometers

One of the major aims at the beginning of the work described in this thesis was
to develop a step-edge Josephson junction technology and evaluate it as a viable
alternative to the use of bicrystal substrates for the fabrication of SQUIDs. Chap-
ter 3 and Chapter 4 described the development of this technology and demonstrated
that step-edges represent a cost-effective alternative to the use of bicrystals. It was
found that one could achieve even better performance from the step-edge junctions,
although one should also expect in general, a slightly larger spread in the junction
parameters. The noise performance of SQUIDs incorporating either step-edge or
bicrystal junctions was found to be broadly similar.

Concurrently with the development of the step-edge devices, the second major
aim of this thesis was addressed: to develop SQUID gradiometers for unshiclded
applications. Three generations of single-layer gradiometers (SLGs) were charac-
terised (two designs which were fabricated on 10 x 10mm? STO substrates and one
large area design fabricated on 30 x 10mm? STO substrates). Several devices of
each design were fabricated and tested, incorporating either step-edge or bicrystal
junctions. Having established that the intrinsic noise characteristics of the step-edge
and bicrystal SQUIDs were similar, the type of junction technology is considered to
be arbitrary in terms of SLG performance.

The introductory section of this chapter provides a brief background to SQUID
gradiometry and describes the key parameters which characterise the performance of
a SLG. A detailed account of the characterisation and performance of the three gen-
erations of SLG devices follows, including discussion on the effective area and device
balance measurements and details of the best gradient field sensitivities achieved for

each of the three designs. The chapter also includes details of the suitability of
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the SLGs for practical measurements, with reference to some of the applications for

which the SLG devices have been used, both at Strathclyde and elsewhere.

5.1 Introduction

5.1.1 Motivation

Chapter 1 explained how the field sensitivity of a SQUID is limited by the
constraint that the intrinsic flux noise increases with the SQUID inductance and
that to improve the field sensitivity the SQUID can be coupled to a larger pick-
up loop to form a magnetometer. The intrinsic noise level of a magnetometer is
typically several orders of magnitude lower than the level of magnetic interference
unless they are operated in a heavily shielded environment. For many applications,
such as magnetocardiography (MCG), this restricts practical operation of the devices
to expensive shielded rooms, typically made from mu-metal (e.g. the shielded room
at [1]). For SQUID applications, such as geophysical surveys or non-destructive
evaluation (NDE), a shielded room is not feasible. For unshielded and moderately
shielded applications SQUID gradiometry permits the discrimination of the small
localised field to be measured from the ambient background field of the Earth and
other relatively distant sources of electromagnetic interference. An introduction to
SQUID gradiometers was given in Chapter 1. In this section the details most relevant
to SLGs are expanded upon. A brief introduction to the common techniques used
in SQUID gradiometry is included although more a substantial account is given in
(2] and [3] for example.

A common approach to realising an HTS gradiometer is to combine electroni-
cally the signals from two or more magnetometers (or indeed autonomous SQUIDs)
[4). This technique offers considerable freedom as the separate chips can be orien-
tated to form either axial or planar gradiometers, and higher orders of gradiometer
can be made simply by using larger numbers of SQUID or magnetometer chips. The

most common technique is to simply subtract the signal from two magnetometers
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to form a first-order electronic gradiometer. A great advantage of this technique is
that large baselines (defined as the separation between the centre of the two pick-up
loops in the gradiometer) are possible. By using electronic subtraction techniques
one can achieve excellent device balance (defined as the ratio of the output of the
output of the whole device in response to a uniform field, to the response of the
device when the same uniform field is applied to just one of the pick-up loops).
However, requirements on the system linearity and the common mode rejection ra-
tio of the subtraction system limit electronic gradiometers. In practice phase shifts
and the non-linearities in the frequency response of the electronics, mean that a
good electronic balance can only be achieved over a very narrow bandwidth [5, 3
making such devices impractical for most applications. In addition, in the presence
of high background noise, the dynamic range and slew rate of the magnetometers
becomes is a limiting factor. One of the most successful demonstrations of electronic
gradiometry circumvents some of these problems although this technique requires a
third reference SQUID sensor to measure the background level of magnetic interfer-
ence [6]. The reference device sits between the other two sensors and directly feeds
back any measured magnetic flux to the two sensors which form the gradiometer,
ensuring that they do not have to respond to the background uniform magnetic
interference.

An alternative approach to realising an HT'S SQUID gradiometer is to couple
two (or more) pick-up loops to the SQUID either inductively (7] or directly [8].
The problems associated with increased low frequency noise which arise in induc-
tively coupled devices incorporating multiple layers of superconductor were intro-
duced in Section 1.4. Fully integrated inductively coupled gradiometers suffer from
suppressed critical currents and high 1/f noise as a consequence of the multilayer
deposition (see [9] for example). Directly coupled SLGs consisting of two symmetric
pick-up loops directly connected to a SQUID are fabricated from a single layer of
HTS thin film and thus avoid the problems of weak pinning sites and excess 1/f

noise. As discussed in Chapter 1, gradient sensitivities of 300-500fT/cm v/Hz are rou-
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tinely achieved for SLGs fabricated on 10 x 10mm? substrates, where the flux noise
is generally white down to frequencies of the order of 1Hz when using ac-bias (c.g.
[8] and [10]-[13]). This is significantly better than the gradient noise reported for
flip-chip gradiometers incorporating inductively coupled multi-layer flux transform-
ers where gradient sensitivities are in the pT/ cmv/Hz range at best [9, 14]. The SLG
concept can be extended by flip-chip coupling a large single layer flux transformer
to the SLG. Tian et al. [15] reported a gradient sensitivity of 73fT /cmv/Hz for such
a device where they flip-chip coupled a large single layer gradiometric YBCO flux
transformer fabricated on a 2” silicon wafer to a SLG fabricated on a 10 x 10mm?
substrate. A problem associated with all flip-chip gradiometers arises from the dif-
ficulties in accurately aligning the separate chips, which results in a relatively poor
device balance. The Berkeley group have however demonstrated a flip-chip coupled
device that can have its balance adjusted mechanically while its submersed in liquid
nitrogen [16]. The device incorporates a single layer asymmetric flux transformer,
fabricated on a 100mm long sapphire wafer with CeO, buffer layer, inductively cou-
pled to a 10 X 10mm? SQUID magnetometer chip. By fine mechanical adjustment
of the position of the flux transformer relative to the magnetometer a balance of
approximately 1/1400 was achieved - significantly better than the typical balance
of 1/100 to 1/300 achieved with 10 x 10mm? SLGs [10]-[13]. The Berkeley group
have also recently extended this concept by coupling an asymmetric flux transformer
with three loops to a magnetometer to form a second-order gradiometer [17]. For
practical applications however, the required alignment adjustments may be a lim-
iting factor [18]. SLGs offer good gradient sensitivity, are simple to fabricate and
avoid the respective problems of excess 1/ f noise and poor balance associated with
multilayer devices and flip-chipping. For these reasons the SLG approach has been

adopted here.
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5.1.2 Gradiometer Characterisation

The performance of a SLG is characterised by its gradient field sensitivity and
by the ability of the device to reject unwanted fields (uniform fields in the case of
a first-order gradiometer). The first-order SLG’s capabilities at rejecting uniform

fields are characterised by the device balance b, which can be expressed as

b = Apar/AMac, (5.1)

where Apar is the device’s parasitic effective area to uniform fields and Ayag 1s
the effective area of the SLG operating with just one pick-up loop i.e. the device
operating as a magnetometer. The sources which contribute to the parasitic effective
area are discussed in detail in Chapter 6, where a novel method of reducing Apagr
is introduced. For now it is sufficient to regarded Apar as a combination of the
uniform field response of the SQUID and any uniform field response arising from
imperfections in the pick-up loop structure. The SQUID’s response represents the
most significant contribution to Apar, and thus for SLGs incorporating conventional
SQUIDs one generally aims to increase Apmag to improve the balance.

The gradient field sensitivity is a function of the device baseline [, Ayag and the
intrinsic flux noise /S of the SLG - which for a shielded SLG is generally dependent

on the intrinsic flux noise of the SQUID which it incorporates. The gradient field

sensitivity can be expressed as

VSa VS, (5.2)

- lAmac

For the best gradient sensitivities it is desirable that the SLG incorporates a low
noise SQUID and that the product lAmag is maximised. The optimum baseline of
a gradiometer however is also dependent on the specific application of the device
(see for instance [2, 19]). From Equation 1.20 in Chapter 1 it can be seen that

Amac depends on the sensing area of the pick-up loop ALp (which is related to the
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actual area of the pick-up loop and the degree of flux focusing in the loop) and
the inductance mismatch Lip/Ly, where Lyp is the self inductance of the pick-up
loop and Ly, is the mutual inductance between the pick-up loops and the SQUID. To
increase Ayag one should increase Ay p and decrease Ly p for a given Ly;. However for
superconducting tracks of fixed linewidth, an increase in App results in an increase
in Lyp. Consequently one increases the linewidth of the pick-up loop tracks in an
SLG to significantly reduce Lip while only slightly decreasing Ajp.

The remainder of this chapter aims to demonstrate that with first-order SLGs

incorporating high performance SQUIDs one can achieve gradiometers with excellent

sensitivities that are practical devices for real applications.

5.2 Small Gradiometers

Gradiometers were fabricated on 10 x 10mm? STO substrates using two differ-
ent device designs. The design and fabrication of these two types of devices and
their performance, in terms of device balance and gradient sensitivity, will now be

discussed. Many of the small bicrystal SLGs were fabricated by E.J. Romans and
A. Eulenburg.

5.2.1 First Generation SLGs

Design and Fabrication

The layout of the first generation SLG is shown in Figure 5.1 - note that the
SQUIDs incorporated in these devices are the SQ1 design introduced in Chapter 4
which have a self inductance of Lgq = 70pH. Each SLG incorporates three separate
SQUIDs. The length along the longer axis of the gradiometer, from the outer edge
of one pick-up loop to the outer edge of the other, is 9mm, with 500um left clear
at the edges of the substrate to allow for photoresist edge removal (discussed in
Chapter 2) and to avoid handling difficulties during the patterning of the device.

The superconducting tracks of the pick-up loops have a linewidth of 0.5mm and the
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contact pads

2mm

Figure 5.1: Layout of the first generation SLG with a baseline of 4.2mm. The upper dotted box
shows the location of the contact pads, where wire bonds connect the gradiometer to the PCB.
The other dotted box shows a magnified view of one of the three SQUIDs in the centre of the SLG.
The dotted line in the magnified view shows the location of the SQUID’s Jjunctions.

estimated inductance of each pick-up loop is Lyp = 7TnH. This vields a ratio for the
inductance mismatch of Ly/Lyp = 1/152 taking the measured value of Ly = 46pH

for the SQ1 design SQUID from the previous chapter. The baseline ! depends on

the effective sensing area of the gradiometer pick-up loops which depends on the

degree of flux focusing in each loop as well as their geometrical size. The centre of

the sensing area of each pick-up loop will be approximately distance v/ ab/2 from

the centre of the device, where a is the distance from the centre of the gradiometer

to the outer edge of the pick-up loop and b is the distance from the centre of the

gradiometer to the inner edge of the pick-up loop (as shown in Figure 5.1). For this

device this yvields a baseline of [ = v/ab ~ 4.2mm.

The devices were fabricated on 10 x 10mm? STO substrates (either bicrystal

or single crystal in the case of the step-edge devices). In the case of the step-edge

devices, the steps were prepared using the standard fabrication procedure introduced

in Chapter 3, and milled to a height h to give the optimum ¢/h ratio for 200nm thin

films as discussed in Section 3.4.1. The YBCO thin films were deposited using



Figure 5.2: Photograph of a completed first generation SLG, wire bonded to its PCB chip-carrie
ready for encapsulation. The YBCO structures either side of the SLG are test devices.

i
the standard PLD process described in Chapter 2 and patterned using conventional
photolithography and argon-ion milling. A 200nm sputtered gold film was patterned
into the device’s contact pads using the same technique. The devices were then glued
onto PCB chip-carriers with the contact pads ultrasonically bonded to the PCB
using aluminium wire. The devices were generally encapsulated to prevent moisture
damage and increase their lifetime. The device encapsulation consisted of a PCRB
cap glued to the PCB chip carrier, and sealed round the edges using epoxy resin.
Figure 5.2 is a photograph of one of the devices mounted in the PCB chip-carrier

before encapsulation.
Results and Discussion

The parasitic effective area Apag of each SLG in a uniform field was measured
using a pair of calibrated 1.2m diameter Helmholtz coils. The devices were cooled
in liquid nitrogen and operated in a FLL using Conductus PC-100 electronics. The
modulation and feedback signals were either directly injected along the centre of
the device using the connections from the neighbouring SQUIDs. or were applied

inductively via an external copper coil tightly coupled to one of the gradiometer

loops. An ac current was passed through the Helmholtz coils and the resulting
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response of the SLG was lock-in detected. The measured effective area was initially
found to have an unexpected dependence on the frequency of the ac current passed
through the coils. This was believed to be a consequence of eddy currents generated
in the steel beams of the floor perturbing the measurement. By raising the Helmholtz
coils such that the SLG in the centre was approximately 1.5m from the floor and
ensuring the system was far away from other metal structures, this dependence was
reduced to within the experimental error over the typical measurement frequency
range of 0-2kHz. For each device the magnitude of the Helmholtz coil current was
varied to obtain applied magnetic fields with amplitudes in the range 0.5-2uT. The
SLGs exhibited a linear response to the field amplitude with the parasitic effective
areas of the all SLGs in the range 400-600um?2. Two sources of imperfection in the
SLG structure are likely to contribute to chip-to-chip variations in Apag: (1) as a
consequence of tolerances in the fabrication procedure there is likely to be slight,
variations in the geometrical structure of the SLGs from chip-to-chip; and (2) the
sample may suffer slight damage during fabrication which could effect the parasitic
effective area of each device.

One would expect the effective area of the SQUID Agq in the SLG to lie some-
where within the range of values measured for the parasitic effective area, with the
nature of the imperfections from chip-to-chip depending on whether they contribute
negatively or positively to the measured value of Apar. This was confirmed using
the modeling package FASTHENRY. Elements were created to represent an “infinite”
wire in the direction of the z-axis and a SQUID loop in the zz-plane, at a perpen-
dicular distance r, from the wire. The mutual inductance M between the wire and
SQUID loop was modeled. When the distance 7, between the SQUID and the wire
is much greater than the dimensions of the SQUID, one can assume that the field
is uniform over the SQUID loop and therefore that Agq = 27rM /ito. Using this
method and an assumed magnetic penetration depth of A\, = 214nm FASTHENRY
estimated Asq ~ 520pm?.

To measure Avag, and thus obtain a measure of the balance of the SLG, one
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of the gradiometer’s pick-up loops was cut and the effective area of the device was
measured using the procedure described above. Note that it is better to simply
cut rather than remove the entire pick-up loop to maintain constant flux focusing
effects. This procedure was only carried out on one of the step-edge SLGs to avoid
the destruction of large numbers of gradiometers. Ayag was measured as 0.08mm?.
This was in reasonable agreement with the values estimated using FASTHENRY. The
measured Ayag means the device balance of is approximately 1/160 where Apag is
taken as 500ym?.

To measure the flux noise characteristics of the SLGs the devices were operated
in a FLL, using ac-bias, and spectra were recorded for each gradiometer cooled
inside three layers of mu-metal shielding and unshielded in the open laboratory.
Like the autonomous SQUIDs discussed in the previous chapter the SLGs gencrally
had a shielded white flux noise of less than 30u®y/v/Hz. The step-edge devices
had an excellent noise performance, with three of the four tested SLGs exhibiting
a shielded white flux noise of 11u®,/vHz or better when operated with the best
SQUID on each chip. The best shielded flux noise was also measured for a step-edge
device which had a flux noise of approximately 5u®,/ VvHz at 1kHz, with the noise
spectrum essentially flat down to 1Hz. This corresponds to a gradient sensitivity of
approximately 308fT /emv/Hz given that | = 4.2mm and that Ayag was measured
as 0.08mm? The shielded and unshielded spectra measured for this device are
shown in Figure 5.3. The level of magnetic interference in the laboratory results in
a significant increase in the flux noise of the SLG. Measurements performed with
flux-gate magnetometers suggest that the direct pick-up of environmental fields by
the SLG will result in a significant increase in device’s flux noise, however effects such
as suppression of the junctions critical current cannot be ruled out from contributing
to the measured unshielded noise spectra.

The gradient sensitivities reported here compare well with those reported in
the literature for SLG fabricated on 10 x 10mm? substrates where typically 300-

500fT/cmv/Hz has been achieved. The intrinsic flux noise of these devices was
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Figure 5.3: Noise spectra measured for a first generation small SLG with the SQUID operated
using ac-bias. The measured flux noise and corresponding gradient field sensitivities are shown for

the device cooled in the open laboratory (unshielded) and for the device cooled inside three layer
of mu-metal (shielded).

generally higher than the value of 5,®,/v/Hz achieved for the best device discussed
here. An exception is the slightly better flux noise of 4.3,®, /VHz, measured for a
SLG at 1kHz by Wunderlich et al. [20]. However due to their design having smaller

pick-up loops, they obtain a poorer gradient sensitivity of 430fT /emy/Hz.

5.2.2 Second Generation SLGs

Design and Fabrication

Figure 5.4 shows the layout of the second generation SLG. This SLG consists of
two identical pick-up loops directly coupled to four identical SQUIDs in the centre.
The inductance of the SQUIDs was increased compared with that of the first gener-
ation devices to improve the mutual inductance Ly between the pick-up loops and
the SQUID - Koelle et al. recently showed that the optimum SQUID inductance is
Lsq ~ 100pH for a directly-coupled device [3]. The SQUIDs in the second generation
SLGs are of the SQ3 design described in Chapter 4 which have a self inductance
of Lsq = 105pH and a coupling inductance to the pick-up loops of Ly = 90pH.

Compared with the first generation devices, in this SLG design the pick-up loops
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Figure 5.4: Layout of the second generation SLG which has a baseline of | — 3.6mm. FEach
gradiometer incorporates four 105pH SQUIDs in the centre of the device.

were significantly widened to increase the flux capture area, while the linewidth
of the tracks of the pick-up loops was increased to minimise the loop inductance,
and therefore minimise the mismatch between the pick-up loop inductance Lyp and
Ly. The linewidth of the pick-up loops along the axis parallel to the baseline is
2.5mm, while the linewidth of the other sides gradiometer’s pick-up loops is 1.6mm,
resulting in a estimated loop inductance of Lip = 10nH. This yields an inductance
mismatch of 1/111, an improvement over that of the first generation SLG. Having

pick-up loops with a constant linewidth of 2.5mm would significantly decrease the

baseline, but here the linewidth of 1.6mm at the ends of the gradiometer results in

a baseline of | = 3.6mm.
The second generation SLGs were fabricated using the procedure described

above for the first generation devices. A completed device is shown in F igure 5.5.

Results and Discussion

The parasitic effective areas of the second generation SLGs were measured with
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Figure 5.5: Photograph of a completed second generation SLG ready for encapsulation.

the Helmholtz coils using the procedure described above for the first generation
devices. All of the SLGs tested were found to have parasitic effective areas in
the range 600 to 750um?. Again, modeling the effective area of the bare SQUID
confirmed that the measured values are of the order expected.

Given that the second generation SLGs have a significantly larger flux capture
area and a better match between their inductances Ly; and Lyp than the first gener-
ation SLGs, one would expect a corresponding increase in the effective area Ayac.
This was confirmed when one pick-up loop on a second generation gradiometer was
cut and an effective area of Ayae = 0.20mm? was measured. Given their larger
Awmac, the second generation devices also have a significantly improved balance in
comparison with the first generation SLGs. Taking Appp = 675um? yields an ap-
proximate balance of 1/300, a significant improvement over the balance of the first
generation devices.

Given that the product I Ayaq is more than a factor of two larger than that of the
first generation SLGs, one might also expect to observe considerable improveme

nts

in the gradient sensitivities of the second generation devices. Unfortunately thig

was not the case. The shielded and unshielded noise characteristics of the S[,Gs
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were measured using the procedure described above for the first generation devices.
The intrinsic flux noise of the devices, measured inside three layers of mu-metal,
was generally found to be higher than that of the first generation gradiometers.
While the IRy products of both the first and second generation gradiometers were
similar, the second generation devices generally had larger I’s. Their large I¢’s
combined with the larger inductance of the SQUIDs in the second generation SLGs
(105pH compared to 70pH for the SQUIDs in the first generation SLGs) resulted in
the devices having relatively large (1’s and consequently a relatively high intrinsic
flux noise. The best noise performance was achieved with a bicrystal device, the
shielded and unshielded spectra of which are shown in Figure 5.6. The shielded
white noise of 22u®,/ v/Hz measured at 100Hz corresponds to a gradient sensitivity
of 633fT/ cmv/Hz, significantly poorer than the sensitivity achieved for the best first
generation device - the flux noise measured for the best first generation device was
approximately four times lower. The factor of two increase in lAmag over that of
the first generation devices is outweighed by the factor of four increase in the flux
noise of the best second generation SLG. Only three second generation SLG chips
were fabricated, compared with approximately fifteen first generation gradiometers

- a lower flux noise may have been achieved for the second generation devices had

more samples been fabricated.

5.2.3 Small Gradiometer Applications

The sensitivities achieved with the small SLG devices make them suitable for
many applications. In addition to high sensitivity, most applications also require
the SQUID sensors to be extremely stable in FLL-mode to withstand changes in
the external magnetic field when operated unshielded in electromagnetically noisy
environments. One major application which requires stability in an industrial en-
vironment is the use of SQUID sensors in non-destructive evaluation (NDE). At
Strathclyde it has been demonstrated that with simple commercially available HTS

SQUIDs, with relatively poor sensitivity, one can reasonably diagnose defects and
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Figure 5.6: Noise spectra measured for the a second generation small SLG fabricated on a bicrystal

substrate, with the SQUID operated using ac-bias. The measured flux noise and corresponding
gradient field sensitivities are shown.

faults in simulated aircraft structures [21]. The SLGs discussed here have also been
used for such studies, and offer an improved sensitivity over the commercial devices.
The SLGs have remained stable and locked for long periods of time in the open
laboratory, sufficient enough to complete scans of NDE samples over a period of an

hour or more. These experiments were performed by C. Carr and are reported in
(22]. In addition experiments have shown that the small SLGs operated successfully

when in motion in unshielded environments [23].

The first generation SLGs have also been used in another application, as a
sensor in a cryogenic current comparator, in collaboration with the National Physical
Laboratory (NPL) in Teddington. The HTS current comparator constructed at NPI,
consists two ion beams which pass through a superconducting tube. When the two
ion currents are of equal magnitude, traveling in opposite directions, the screening
currents induced in the superconducting tube cancel, which results in net zero field
being measured, in this case by the SLG. A difference in the magnitude of the beam
currents results in non-zero screening currents which induce a field that is detected

by the SLG. The use of a gradiometer was found to greatly improve the uniform

field rejection thus improving the common-mode rejection of the current comparator.
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These experiments are reported in detail in [24].

5.3 Large Gradiometers

One of the most significant applications for HT'S SQUID devices is the measure-
ment of biomagnetic signals, especially those arising in the heart (magnetocardiog-
raphy). Other groups have carried out such measurements with considerable success
using either directly coupled magnetometers (e.g. [25]) or small SLGs similar to the
devices discussed above (e.g. [12]). However the demonstrations reported in the
literature were carried out in mu-metal shielded rooms which strongly attenuate
the Earth’s dc field as well as fields of higher frequencies. Such shielded rooms are
rare, and extremely expensive to build, thus hindering the commercial application of
the HTS devices in such arcas. For clinical applications good magnetocardiograph
(MCG) signal-to-noise ratios must be achieved for devices cooled in the Earth’s field.

The realisation of such a device, a large area gradiometer fabricated on a 30 x 10mm?

substrate, is discussed here.
Design and Fabrication

The third generation SLG was designed by A. Eulenburg and the layout is shown
in Figure 5.7. Each SLG incorporates four separate SQ4 design SQUIDs which have
a self inductance of Lgq = 114pH and coupling inductance of Ly = 104pH. Each
pick-up loop has an estimated inductance of approximately 15nH, yielding a ratio
for the inductance mismatch of 1/144. The linewidth along the longer axis of the
gradiometers is 2.5mm, while the linewidth along the short axis of each loop is
smaller at just 1.7mm to give the device a large baseline of { = 13mm.

The thin film deposition procedure was optimised for the growth of large area
films. The growth parameters and laser optics were modified to produce an asym-
metric plasma plume which is expanded significantly in one direction to give good
coverage over both the longer and shorter axes of the substrate. Excellent film home-

genities were achieved with at most only a 5% variation in film thickness over the
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10mm

Figure 5.7: Layout of the large area SLG which has a baseline of | = 13mm. Each gradiometer
incorporates four 114pH SQUIDs in the centre of the device.

30 x 10mm? substrate. The film deposition optimisation experiments were carried
out by A. Eulenburg [26].

The fabrication procedures used to pattern the large area gradiometers were
identical to those used for the other two SLG designs discussed above. Figure 5.8
is a photograph showing a fully encapsulated large area gradiometer as well as a

device ready for encapsulation.
Results and Discussion

Using the standard Helmholtz coils set-up, the parasitic effective areas of the
third generation SLGs were measured to be in the range of approximately 600 to
800pm?. Given that the third generation gradiometers are significantly larger, and
have a similar inductance mismatch one would expect the device to have a much
larger Amaq than the two small SLG devices. By cutting one pick-up loop an
effective area of Ayag = 0.73mm? was measured, corresponding to a device balance
for Apar = 700um? of approximately 1/1000. Again, the measured effective areas
were in agreement with the values calculated using FASTHENRY. The balance of the
large SLG is significantly better than the balances achieved for conventional SQUID

SLGs by other groups (in the range 1/100 to 1/300 as discussed in Section 5.1.1) -

all of their devices were fabricated on 10 x 10mm? substrates.
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Figure 5.8: Photograph of a completed large area gradiometer wire bonded to a double sided PCB
chip carrier (left), and a fully encapsulated large area SLG (right).

Unfortunately, the shielded flux noise levels measured for the large SLGs were
not as good as those measured for the small substrate devices. Again this is partly
a consequence of the increased SQUID inductance and relatively large values of /3 .
Two bicrystal and one step-edge device were fabricated - the bicrystal devices were
fabricated by A. Eulenburg. Most of the bicrystal SQUIDs had lower than expected
IcRx products, relatively weak voltage modulation depths and as a result had a
high white noise levels of greater than 30u®y/vHz. A factor which lead to the poor
device parameters was possibly the increased strain during film growth compared
with that of the 10 x 10mm?® bicrystal substrates. As the larger substrate expands
more when heated this may have lead to a more significant strain on the weak
fused bicrystal line, which may have resulted in degradation (e.g. oxygen losses) at
the grain boundary in the overlying YBCO film. With no weak fused region, this
problem is not such a significant issue for the growth of films on step-edge substrates.
[t was hoped that with the step-edge devices, improvements in IRy products

and

modulation depths would result in a better noise performance. Unfortunately this

was not the case, with the SQUIDs on the step-edge chip exhibiting small IRy

products and modulation depths of only a few pV. It was not clear whether this

poor performance was associated with difficulties in the fabrication of step-edges on
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Figure 5.9: Noise spectra measured for the a large SLG fanricated on a bicrystal substrate, with

the SQUID operated using ac-bias. The measured flux noise and corresponding gradient field
sensitivities are shown.

large substrates, perhaps due to the variation in the mill-rate over the large area, or
whether the problems were just with this one sample and not directly associated with
the fabrication procedures. Further investigations are currently being undertaken by
R. Palai. Despite the poor flux noise characteristics of the third generation step-edge
SLG, the measured shielded white flux noise of 50D,/ vHz translates to a gradient
sensitivity of approximately 110fT/cmv/Hz. This is significantly better than any
field sensitivities reported for SLGs fabricated by other groups.

The best bicrystal device had lower flux noise than the step-edge device. The
best shielded noise measured was approximately 23D/ vHz at 1kHz which cor-
responds to a gradient sensitivity of 50fT/cmv/Hz, the best value reported in the
literature for an HTS SLG [27]. In addition the field sensitivity is superior to the
79fT /cmv/Hz achieved for the large baseline flip-chip gradiometer of Tian et al. dis-
cussed in Section 5.1.1. The shielded and unshielded noise spectra measured for this
device are shown in Figure 5.9. An approximate five-fold increase was observed in

the measured flux noise when the device was cooled in the open laboratory.
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5.3.1 Large Gradiometer Applications

Trials were conducted to measure an adult magnetocardiograph (MCG) using
the large SLGs. The experiments were performed in an aluminium screened room
at the Wellcome Biomagnetism Unit at the Southern General Hospital in Glasgow.
This facility is used regularly by the Strathclyde group for biomagnetism purposes
using LTS devices. The aluminium shielded room provides considerable eddy-current
screening at higher frequencies (down to a cut-off of approximately 2Hz), although
in contrast with the MCG demonstrations cited above, there is no attenuation at dc,
so the measurements were performed with the devices operating in the full Earth’s
field. Compared with the fully shielded noise measurements discussed above, when
cooled in this environment the large area SLGs showed an increase in their white
flux noise as one may expect for a device cooled in the Earth’s field. The output
from the SQUID was low-pass filtered with a cut-off frequency of 30Hz and recorded
on a dynamic signal analyser.

A realtime MCG recorded using the best large area gradiometer is shown in
Figure 5.10(a). In the screened room a signal-to-noise ratio for the main peak of ap-
proximately 6 was achieved. Figure 5.10(b) shows the realtime data in (a) averaged
over 10 peaks. The QRS complex of the magnetic field signal from the heartbeat is
clear, as indicated in the figure, while the T-wave component of the heartbeat can
also be clearly identified in the realtime data. The improved characteristics of the
large area gradiometer were sufficient to record an MCG in a completely unshielded
environment. Such a realtime trace, for an adult heart measured with the device

operating in the open laboratory is shown in Figure 5.10(c), where a signal-to-noise

ratio of approximately 2 was achieved.

5.4 Summary

Three designs of gradiometers have been fabricated and tested - two designs

10 x 10mm? substrates and one design on 30 x 10mm? substrates. The balance
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and gradient sensitivities of the two generations of small SLGs fabricated on the
10 x 10mm? substrates, compared favourably with the performance of similar de-
vices fabricated by other groups. The low intrinsic flux noise of many of small
SLGs resulted in excellent gradient sensitivities, with the best gradient sensitivity
of 308{T/ cmv/Hz, measured for a step-edge device. Such a sensitivity is among the
best reported in the literature for a small SLG. Given the excellent sensitivities of
the small SLGs these devices proved extremely useful for application in NDE at
Strathclyde. The stability of these gradiometers was also excellent, an important
requirement for a NDE sensor. The excellent sensitivities and relative inexpense
of the small substrates (particularly the single crystals used for step-edge devices),
make the small SLGs reported here attractive devices for many applications.

The large SLGs fabricated on the 30 x 10mm? were designed to offer the sensi-
tivities required for the application of HTS devices in biomagnetism. Although the
larger substrates are significantly more expensive than the standard 10 x 10mm?
substrates, the increase in area is required to enable an increase in the device base-
line ! and an increase in the effective area of the pick-up loops Apmag. Although the
flux noise measured for the large devices was generally poorer than expected, the
large [ and Amag of the gradiometers resulted in record gradient sensitivities for
devices fabricated from a single superconducting layer. The best step-edge device
had a gradient sensitivity of 110fl’/cm\/m, better than any value reported in the
literature for a step-edge SLG. One of the bicrystal SLGs had a lower flux noise
and thus had a better gradient sensitivity of 50fT/cmy/Hz - the best ever achieved
for an HTS SLG. The excellent sensitivities offered by the large SLGs made them
suitable for application in the measurement of the biomagnetic signals of the adult
heart. MCGs were recorded from healthy adult volunteers, either completely un-
shielded or with moderate shielding. Inside the aluminium room a signal-to-noise
ratio of approximately 6 was achieved, while, with the devices cooled unshielded in
the open laboratory a signal-to-noise ratio of approximately 2 was achieved. In the

moderately shielded case the signal-to-noise ratios were sufficient to clearly see the
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QRST structure of the heart signal when the data was averaged.
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Chapter 6

The Gradiometric SQUID

Chapter 5 detailed the performance of three designs of conventional narrow-
linewidth SQUID single-layer gradiometer (SLG). The shielded gradient sensitivi-
ties of the best devices were excellent in comparison with the figures reported in the
literature for SLGs fabricated by other groups. When cooled in the open laboratory
the flux noise of the gradiometers was found to increase, typically by a factor of 3-5,
as a consequence of the direct pick-up of environmental interference. This chapter
describes the gradiometric SQUID (G-SQUID) - a device which utilises the topo-
logical freedom of the step-edge technology, and is designed for incorporation into
SLGs to improve their characteristics in unshielded environments. Two generations
of G-SQUID devices were fabrictated and tested.

The first section of this chapter outlines the response of a first-order gradiome-
ter, and includes an overview of some of the techniques that have been reported in the
literature to improve the characteristics of the gradiometer response for unshielded
operation. The remaining sections in the chapter describe the two generations of

G-SQUID devices and their improved characteristics for unshielded use.

6.1 Introduction

6.1.1 SQUID gradiometer response

An ideal first order gradiometer is sensitive only to field gradients of first and
higher order. However for conventional directly coupled SQUID gradiometers, an
unwanted uniform field response limits the unshielded performance of the device.
This response is a characterised by the device’s parasitic effective area Appsg. For

the SQUID gradiometer shown in Figure 6.1, the electronic response of the device
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Figure 6.1: Schematic diagram showing a conventional single-layer SQUID gradiometer with ref-
erence co-ordinates. The SQUID in the centre of the device is enlarged for clarity.

to the static field B,(z,y) can be expressed as

B,

Vxl 6.’132 AGRAD + BzAPAR (61)

where [ is the baseline of the gradiometer, Agrap is the effective area of the device to
first order fields, 0B,/0z and B, are the first-order field gradient and uniform field

respectively and second and higher-order terms have been neglected. The parasitic

effective area can be considered to have two components

Apar = Agsq + ApEF (6.2)

where Agq is the uniform field effective area of the SQUID and Apgr is the uniform
field effective area arising from any defects or imperfections in the device structure
that may occur during fabrication. For conventional single-layer SQUID gradiome-

ters, Asq > Apgr, and Equation 6.2 can be approximated as Apyp ~ Asq.
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6.1.2 Improving gradiometers for unshielded operation

Gradiometers incorporating conventional SQUIDs of inductance 50-100pH typ-
ically have parasitic effective areas in the range 500-1000pm? [1]-[4]. An ideal first-
order gradiometer should have Appr = 0 and thus a response that is proportional
only to the 0B,/0z term of Equation 6.1. In practice, with conventional narrow-
linewidth SQUIDs, this is not possible as Apar = Agq and Agq x Lgq. With such
SQUIDs reducing Lsq and therefore Apar generally also reduces the mutual induc-
tance between the pick-up loops and the SQUID Ly. A reduced Ly will result in
a device with a smaller Ayag (the effective area of the device operating with just
one pick-up loop) and therefore a device with a poorer gradient sensitivity. This
constraint, that by reducing Apar one generally reduces Ayag, limits the balance
(b = Apar/Amac) for conventional narrow-linewidth SQUID gradiometers - the
non-zero uniform field response of the SQUID leads to an intrinsic device imbalance
limiting the characteristics of the SLG for use in unshielded environments.

Several techniques have been developed which reduce the uniform field response
of the SQUID. With low temperature superconductors (LTS), gradiometric SQUIDs
[5] can be incorporated into gradiometers to improve the device balance (e.g. [6]).
LTS gradiometric SQUIDs consist of a double-looped washer inductively coupled to
the pick-up loops by a multiturn flux transformer. The double washer configuration
results in the SQUID having a net zero response (ideally) to uniform fields. A similar
device has been demonstrated in HTS with a flux transformer flip-chip coupled to
a double washer gradiometric SQUID [7]. However due to difficulties in alignment
associated with the flip-chip technique, and since multiple layers of YBCO films
were required for the flux transformer, the balance and noise performance of this
HTS device were poor. For single layer HTS devices, an electronic 2-SQUID cou-
pling scheme has been used to improve gradiometer balance [8]. The device layout
is such that, when added together the magnetometric signals of the two SQUIDs
cancel. The signals are added electronically with the magnitude of the response

from each SQUID weighted to optimise the balance. Some of the disadvantages of
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this technique include the added complexity of using more than one SQUID channel,
the need for additional room temperature electronics and that the intrinsic noise of
the system is increased as a result of adding the outputs from the two SQUIDs.
More significantly, as with the electronic gradiometers described in Chapter 5, the
balance of the electronically combined signals is limited to a small frequency range.
Further investigation showed that it is difficult to maintain optimum balance when
the system is operated in an unshielded environment [9)].

The G-SQUID developed during the course of this work, improves the gra-
diometer balance intrinsically and does not have the problems associated with the
techniques that have been used in HTS described above: the G-SQUID requires
only a single layer of superconductor thus avoiding the problems associated with
multi-layer devices and the flip-chip technique, and only a single SQUID channel is
required without the need for any additional electronics which impose restrictions

on the bandwidth over which high balance levels can be achieved.

6.2 First Generation G-SQUIDs

In this section the realisation of a HTS first-order gradiometric SQUID made
from a single layer of superconductor is described. The design, fabrication and
measured electrical properties of the first generation of gradiometric SQUID (G-
SQUID) devices are described. Both uncoupled (autonomous) G-SQUIDs and G-

SQUIDs coupled to single-layer gradiometers were characterised.

6.2.1 Design

A completed G-SQUID is shown in Figure 6.2(a), and for clarity the layout
of the superconducting layer is shown in Figure 6.2(b). The G-SQUID has two
identical loops connected in parallel across two step-edge Josephson junctions. The

symmetric two loop structure of the superconducting layer of the G-SQUID results

in the device theoretically having no response to uniform fields (i.e. Appg = 0). The
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Figure 6.2: (a) An optical micrograph of a completed G-SQUID showing the gold cross-over
structure with SiO, insulating layer. (b) The symmetric layout of the YBCO layer of the G-
SQUID. The dotted line indicates the location of the step-edge.

linewidth of the G-SQUID was restricted to 4um to prevent flux penetration when
the device is operated unshielded [10]. The junctions have a width of 3um. The
horizontal track of superconductor connected to the G-SQUID is the signal injection
path coupling the pick-up loops to the G-SQUID - in the case of the autonomous
G-SQUID it allows direct modulation by current injection. Connections to the
centre of the device are realised by gold cross-overs with a 5105 insulating layer to
prevent contact to the G-SQUID loops. Not all of the contacts to the G-SQUID
are required for four-terminal measurements; the chosen layout, with redundant
contacts, maintains perfect symmetry in the design of the superconducting layer,
ensuring that theoretically Apap = 0.

A single-layer gradiometer was designed, incorporating three G-SQUIDs. The
layout of the gradiometer shown in Figure 6.3 is similar to that of the first generation
gradiometer design used with the conventional SQUIDs described in Chapter 5. The
gradiometer has a baseline of [ = 4.2mm and pick-up loops with a linewidth of 500um

giving an estimated loop inductance of Lip = 7TnH.
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4.2mm

Figure 6.3: The layout of the YBCO layer of the single-layer gradiometer with three
directly coupled G-SQUIDs in the centre. Note that this figure is rotated through 90°
to Figure 6.2.

identical
with respect

6.2.2 Fabrication

The G-SQUID devices were fabricated on 10 x 10mm? STO substrates with the
step-edges prepared as described in Section 3.2. The mill time was controlled to
produce steps of height h = 300+ 30nm to maximise the yield of RSJ-like devices as
discussed in Chapter 3. Each STO chip consisted of 5 G-SQUID devices: 3 coupled
to a single-layer gradiometer and 2 autonomous devices with connections for direct
current injection. YBCO films of thickness 200nm were grown on the step-edge
substrates, followed immediately by the deposition of a dc sputtered ez-situ gold
film of thickness 200nm. The chips were then annealed at a temperature of 475°C
in 0.8atm O, for 1hr to improve the contact resistance. The Au/YBCO bi-layer was
patterned using standard photolithography and argon ion-milling in two stages: the
first to form the YBCO structure of the device (Figure 6.4(a)), the second to re-
move the excess gold leaving just the contact pads for the cross-overs (Figure 6.4(b)).

Si0, films of thickness 300nm were then deposited by rf sputtering and patterned

using lift-off to form the insulating layer, using the procedures described in Chap-

ter 2. Finally, a second layer of gold was deposited on each chip and patterned into

cross-overs to allow contact to the central pads of each G-SQUID (Figure 6.4(c)).

Figure 6.4(d) is an SEM image of the corner of a loop of a G-SQUID device showing
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Figure 6.4: Optical micrographs showing the stages of fabrication for a G-SQUID device: (a) The
Au/YBCO bi-layer is patterned to form the YBCO structure; (b) the excess gold is removed; (c)
the SiO, insulating layer and gold cross-over structure is patterned. (d) An SEM image of the
corner of a G-SQUID loop showing the patterned YBCO track with Si0; insulating layer and gold
cross-over (top-right section of the image). The step-edge can be seen in the bottom-right corner
of the micrograph. This image was taken at CSIRO with assistance from Dr Cathy Foley.
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the YBCO loop with SiO, insulator and gold cross-over layer.

Preliminary measurements showed that the immediate ez-situ deposition of gold
after the growth of the YBCO film and the subsequent annealing result in a contact
resistance of better than 1075Qcm?. Using the two gold layers as described above,
rather than simply patterning a single gold layer after the SiO, lift-off process,
allowed the fabrication of cross-overs of sufliciently small resistance < 1§2 such that
they make no significant contribution to the measured flux noise of the G-SQUIDs.

To ensure that the overlying SiO; had no detrimental effects on the YBCO of
the G-SQUID loop underneath, several test YBCO microbridges were fabricated
and then patterned with a covering SiO, strip. There was no discernible change in

the T¢ or Jc of the microbridges after patterning the SiO; layer, in agreement with

reports in the literature [11, 12].

6.2.3 Device inductances

The equivalent circuit of the G-SQUID is shown in Figure 6.5. The inductance

of the G-SQUID is given by

L
Lsq = TA + Lg, (6.3)

where Lo = Loy = Lao.
The mutual inductance Ly between the G-SQUID and the pick-up loops of a
directly coupled single-layer gradiometer is calculated as follows. If one considers

fluxoid quantisation around each of the two G-SQUID loops then the phase differ-

ences 6, and d; across the two junctions must satisfy the condition that

d, b,
0 — 6y = 27!'6; + 2mm = —2%6; + 2nm, (6.4)

where ®; and @, are the total fluxes in each loop, ®, is the flux quantum and m
and n are integers. Note that for a conventional single loop SQUID the integral
multiples of 27 in Equation 6.4 can be discarded as having no physical meaning,

but in this case they signify the condition that the total flux (&, + ®,) in the G-
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Figure 6.5: Equivalent circuit of the G-SQUID. Each of the inductors described in the main text,

La1, Laz and Lg, is shown split into two equal elements so that the position of the electrical
connections can be indicated clearly.

SQUID is quantised. A SQUID has a response which varies as cos((6; —d,)/2). From
Equation 6.4 and since cos(z + 2mm) = cos(—z + 2nn) it follows that the G-SQUID
response can be considered a periodic function of either ®, or ®, with periodicity
®(. Thus only the flux in one loop of the G-SQUID need be considered to calculate
Ly. The net current Iy from the pick-up loops (indicated in Figure 6.5) divides
equally through Ly, and La, so that equal and opposite fluxes are added to the

two loops, thus preserving the total flux quantisation condition in the G-SQUID. So

the flux injected in the upper loop is

I
= 5 (Lai = Mp) = TuMy, (6.5)

where My is the mutual inductance between between L, and the upper loop and
M; is the mutual inductance between the input line from the pick-up loops and the

upper loop. Thus the effective mutual inductance Ly between the pick-up loops
and the G-SQUID is given by

1
Ly = 5(La = Ma) = M. (6.6)
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Parameter La | Lg | My | My | Lsq | Lm

Inductance (pH) | 67 | 33 | 6 2 | 67 | 25

Table 6.1: modeled and calculated inductances of the G-SQUID.

The modeling package FASTHENRY was used to estimate the various induc-

tances discussed above. Table 6.1 lists the modeled values and the subsequently

calculated inductances Lgq and Ly.

6.2.4 Results and Discussion

Electrical Characterisation

Two chips were fabricated and tested, each consisting of two autonomous devices
and one gradiometer incorporating three G-SQUIDs. On one of the chips (SE37),
two of the G-SQUIDs were damaged during fabrication. Of the remaining eight
tested four exhibited RSJ-like I-V characteristics and showed voltage modulation;
there was no observable supercurrent in the other four G-SQUIDs. The poor yield of
G-SQUIDs was not entirely unexpected given the significant increase in the number
of patterning stages in the fabrication process compared to the fabrication of a
conventional SQUID device. Damaged to the YBCO and oxygen losses in the film
that may occur during the fabrication process are likely to contribute to the poor
relatively poor yield of working G-SQUIDs.

The measured electrical properties of the four working devices are shown in
Table 6.2. The junction parameters Ic, Ex and IcRy for each G-SQUID were
extracted from -V curves measured inside a single layer of mu-metal shielding
using the set-up described in Section 3.3. Only G-SQUID SE38-B exhibited an
IcRy product much lower than the mean value of 1304V that was achieved for
the step-edge junctions discussed in Chapter 3. The maximum voltage modulation
depth AV was measured for each G-SQUID using direct modulation, inside a single

layer of mu-metal shielding. From the measured periodicity Aly = 90uA of the
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Device Autonomous I¢ Rn  IcRn AV White Noise
Number  /Coupled (pA) () (uV) (V) (ude/vHz)

SE37-A Autonomous 16 8.0 128 19 10
SE37-B Coupled 50 2.1 105 3 50
SE38-A  Autonomous 32 3.2 102 5 22
SE38-B Coupled 5 11 55 16 -

Table 6.2: The measured electrical properties of four G-SQUID devices. The white noise of SE38-B
was not measured.

V-® curves shown in Figure 6.6(a), the coupling inductance was found to be Ly =
®y/AIy =~ 23pH which is in good agreement with the modeled value of 25pH. To
measure the intrinsic noise of the G-SQUIDs, the devices were cooled inside 3 layers
of mu-metal shielding and operated in a flux-locked loop (FLL) as described for
the conventional SQUID devices in Chapter 4. The figures shown in Table 6.2 for
the noise measured at 1kHz using dc bias are broadly similar to those measured for
the conventional SQUIDs of similar inductance discussed in the previous chapter.
The lowest measured flux noise (10u®q/ \/PE) was observed for autonomous device
SE37-A, which had a Ic of 16pA and thus a screening parameter approximately
equal to the optimum value of 8, ~ 1 [13] (taking the inductance of the G-SQUID
as the modeled value of Lgq = 67pH). Figure 6.7 shows the flux noise spectral
density measured for SE37-A between 10Hz and 1000Hz measured using dc bias.
The flux noise increases from approximately 10u®,/v/Hz in the white noise region
to approximately 22u®,/v/Hz at 10Hz. 1/f noise makes a significant contribution

to the noise below 200Hz which is not unexpected when using the dc-bias mode of

operation.
Autonomous G-SQUID Effective Area

To measure the effective area of the G-SQUIDs, the devices were operated in
FLL mode and placed in the centre of the 1.2m diameter Helmholtz coils used to
measure the effective areas of the devices discussed in Chapter 5. A root-mean
square magnetic field of approximately 14T was generated by passing an ac current

through the coils with the resulting SQUID output lock-in detected. The frequencies
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Figure 6.6: The V-® curves measured for three of the G-SQUIDs using direct modulation, showing
the maximum peak-to-peak modulation obtained for each device. The position of the minima of
each curve has been aligned and have been shifted on the y-axis to clearly show the periodicity
and maximum voltage modulation of each curve.

used were between 120Hz and 320Hz.

Repeated testing of the two autonomous G-SQUIDs, through multiple cool-
downs, resulted in measured effective areas of Asq ~ 2um?. Although ideally the
G-SQUID should have zero response to uniform fields, the measured value is not
unreasonable given the scale of imperfections likely in the photolithography and the

consequent difference we might expect between the areas of the two G-SQUID loops.
Gradiometer Performance

For the G-SQUID coupled to the SLG (device SE37-B) a parasitic effective area
of Apar ~ 95um® was measured, more than five times smaller than the parasitic
effective areas reported in the literature for conventional narrow-linewidth SQUID
SLGs. On cutting one of the G-SQUID gradiometer pick-up loops, an effective area
for the single pick-up loop was measured as Amag =~ 0.04mm? thus yielding a device

balance of b = Apar/Amac = 1/300 - a factor of three better than was achieved for
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Figure 6.7: (a) The flux noise spectral density of G-SQUID SE37-A measured inside three layers
of mu-metal using dc bias mode.

the first generation small SLG in Chapter 5 that had pick-up loops of similar design
and incorporated conventional SQUIDs with a similar self inductance to that of the
G-SQUID.

The effective area Apyr measured for the coupled G-SQUID is significantly
larger than the effective area Agq measured for the autonomous G-SQUIDs. This
suggests the source of imbalance is related to the gradiometer pick-up loops (i.e.
Equation 6.2 reduces to Appr ~ Apgr). This could be accounted for by differences
in the areas of the two gradiometer pick-up loops due to photolithography tolerances
and /or any imperfections due to damage caused during fabrication. This was con-
firmed by cutting the remaining pick-up loop the G-SQUID SLG device (SE37-B)
and measuring an effective area of Agq ~ 2um?.

The flux noise of the G-SQUID gradiometer was recorded both with the device
inside three layers of mu-metal shielding and with the device cooled in the open
laboratory. The resulting noise spectra obtained with the FLI, electronics oper

ating

in ac-bias mode are shown in Figure 6.8. The noise spectra were flat from 1kHz
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Figure 6.8: The flux noise spectral density measured for G-SQUID gradiometer SE37-B. The

spectra were recorded using 64kHz ac bias. Both shielded (three layers mu-metal) and unshielded
spectra are shown.

down to 1Hz, with the flux noise approximately /Sy = 50u®y/v/Hz for both the

shielded and unshielded cases. This corresponds to a gradient sensitivity of
V/Sg = V8o /lAvac = 6pT/cmv/Hz.

In contrast to the noise spectra of the conventional SQUID gradiometers dis-
cussed in Chapter 5, for the G-SQUID gradiometer there is no discernible increase
in flux noise for the device cooled in the open laboratory. The 50Hz mains peak
in the unshielded spectra is significantly suppressed in the G-SQUID gradiometer
compared with the unshielded spectra of the conventional SQUID SLGs discussed
in Chapter 5. These improved unshielded noise characteristics are a consequence of

the reduced uniform field response of the G-SQUID device.

6.3 Second Generation G-SQUIDs

Although the first generation G-SQUID SLGs exhibited small parasitic effective

areas, their gradient sensitivity and balance was limited by the device’s small Ay -

a consequence of the poor inductance mismatch and the relatively small geometrical
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Figure 6.9: (a) An optical micrograph of a completed second generation G-SQUID. (b) The layout
of the symmetric YBCO layer of the second generation G-SQUID (left), with the layout of the first

generation device (right) shown to the same scale, for comparison. The dotted lines indicate the
location of the step-edges.

area of the SLG pick-up loop (note that the pick-up loop area of the first generation
SLG was restricted to allow room for the autonomous devices). In this section
design and performance of the improved second generation of G-SQUID SLGs is
described. The fabrication of the second generation devices used identical processes
to those described in Section 6.2.2 used for the first generation devices. The second
generation G-SQUIDs were also fabricated on 10 x 10mm? substrates, with each

chip consisting of an SLG incorporating three G-SQUIDs - no autonomous second

generation G-SQUIDs were fabricated.

6.3.1 Design

The relatively small mutual inductance between the pick-up loops and the G-
SQUID hindered the performance of the first generation devices. Figure 6.9(a) is an
optical micrograph of a completed second generation G-SQUID, with the layout of
the superconducting layer of both the first and second generation G-SQUIDs, shown

for comparison in Figure 6.9(b). The second generation device was designed with

a longer and thinner structure to reduce the mutual inductances M A and M, thus

increasing Ly. To further increase Ly, the inductance La was increased, result-
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Figure 6.10: The layout of the YBCO layer of the second generation G-SQUID SLG with thre

e
identical directly coupled second generation G-SQUIDs in the centre.

ing in an increased SQUID inductance Lgq. For the second generation G-SQUID
FASTHENRY yields a mutual inductance of Ly = 74pH and SQUID inductance of

Lsq = 98pH resulting in ratio of Ly/Lsq ~ 76%. This is a significant improve-

ment over the first generation design for which the modeled inductances yielded
L/ Lsq =~ 37%. The longer and thinner design of the second generation G-SQUID
resulted in an increased fraction of the total SQUID inductance being coupled to

the pick-up loops.

In addition to redesigning the G-SQUID, the pick-up loops of the SLG were also

redesigned as shown in Figure 6.10. This design is similar to the that of the second

generation conventional SQUID SLGs discussed in Chapter 5. The geometrical area

of the gradiometer is significantly larger than the first generation G-SQUID SLG.
and has increased linewidth to reduce the inductance of the pick-up loops. This
design has a baseline of | = 3.6mm and an estimated pick-up loop inductance of

Lyp = 10nH, resulting in an inductance mismatch of Ly /Lyp = 1/135. This is more

than a factor of two of an improvement over the first generation G-SQUID SLGs
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Device Ic Rn IcRny AV White Noise
Number (uA) () (uV) (BV) (p®o/VHz)

SE51-A 27 4.2 113 7 5%)

SE51-B 11 8.6 95 3 58

Table 6.3: The measured electrical properties of the two second generation G-SQUID devices.

which had an inductance mismatch of Ly/Lyp = 1/280.

6.3.2 Results and Discussion

The methods used to characterise the second generation G-SQUID were iden-
tical to those used for the first generation devices. On the second generation chip,
two of the three G-SQUIDs had RSJ-like I-V characteristics and exhibited periodic
voltage modulation as a function of applied flux. The bias current of each SQUID
was optimised to obtain the maximum voltage modulation depth AV, and both
SQUIDs were operated in a FLL inside three layer of mu-metal shielding to measure
their intrinsic white flux noise. The measured electrical properties of the second

generation G-SQUIDs are shown in Table 6.3.

The V-® curves of the two G-SQUIDs, measured for optimum bias using di-

rect current injection are shown in Figure 6.11. The periodicity of the curves

is approximately Aly = 28uA, which implies a mutual coupling inductance of

Ly = ®/AIy =~ 77pH, which is in good agreement with the modeled value of
74pH.

~~

The second generation G-SQUIDs had measured effective areas of Aparp =~
30pm?, and Apmag =~ 0.15mm?, thus yielding a device balance of b =~ 1/5000. Due
to the small parasitic effective area of the device, the second generation G-SQUID
SLG has a balance that is more than an order of magnitude better than the values
of approximately 1/100 to 1/300 typically achieved for conventional SQUID SLGs
fabricated on 10 x 10mm? substrates.

As with the first generation devices, there was no evidence of any increase in

the flux noise of the second generation G-SQUID gradiometers when cooled in the
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Figure 6.11: The V-® curves measured for the two second generation G-SQUIDs using direct
modulation, showing the maximum peak-to-peak modulation obtained for each device.

open laboratory - as one might expect for a device which such a level of intrinsic
balance. Figure 6.12 shows the shielded and unshielded flux noise spectra measured
for a second generation G-SQUID SLG. Given the baseline of | = 3.6mm and the
measured Ayag = 0.15mm? of the second generation device the white flux noise
for both the shielded and unshielded cases of approximately /Sy = 55ud,/v/Hz,
corresponds to a gradient sensitivity of \/Sg ~ 2pT/cmy/Hz.

6.4 Summary

This chapter described the development of a novel SQUID with improved char-
acteristics for incorporation in SLGs. The design, fabrication and calculation of the
G-SQUID inductance Lgq and Ly were described. The G-SQUID is fabricated from
a single layer of YBCO and is designed such that theoretically it has no parasitic
effective area. Two generations of G-SQUID devices were fabricated and charac-

terised. With the first generation devices an effective area of Asq ~ 2um? was
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Figure 6.12: The flux noise spectral density measured for the second generation G-SQUID SLG
(device number SE51-A). Both shielded and unshielded spectra were measured using dc bias.

measured, more than two orders of magnitude smaller than the effective areas one
would expect to measure for an autonomous conventional SQUID of similar induc-
tance. The residual uniform field response measured almost certainly arises from
imperfections in the fabrication procedure. For a SLG incorporating a first gener-
ation G-SQUID an effective area of Apagr = 95um? was measured, approximately
five times smaller than the values measured for SLGs incorporating conventional
SQUIDs of similar inductance. By cutting the gradiometer’s pick-up loops and
measuring an effective area similar to that of the autonomous G-SQUID, it was
confirmed that this uniform field response must originate in the pick-up loops. The
G-SQUID’s very small effective area is such that the SQUID in the centre of a SLG
no longer need limit the balance of the device.

The second generation G-SQUIDs had several improvements in their design.
By making the G-SQUIDs loops longer and thinner, and by increasing the SQUID
inductance, the ratio of Ly;/ Lsq was significantly increased. The second generation
G-SQUID gradiometer had a larger flux capture area and given the increase in Ly

this resulted in a significantly larger Ayaq than that measured for the first genera-
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tion devices. Due to the small parasitic effective area of the G-SQUIDs, the second
generation G-SQUID SLG had a device balance of 1/5000, more than an order of
magnitude better than the balance of SLGs fabricated on 10 x 10mm? substrates
incorporating conventional SQUIDs. Given that similar a white flux noise was mea-
sured for both generations of G-SQUID SLGs, the increase in Apmaq resulted in
an improved gradient sensitivity for the second generation device. The measured
sensitivity of 2pT/cm\/E was however slightly disappointing - a consequence of
the high flux noise of the device. Relatively small IcRy products and high flux
noise values were a problem with many of the G-SQUID devices - most likely due
to degradation of the sample during the long fabrication process. The white flux
noise of 10u®y/vHz measured for one of the G-SQUIDs does indicate that a low
flux noise can be achieved, although clearly improvements are required in the fabri-
cation process if such performance levels are to be achieved routinely. Despite the
disappointing flux noise performance of the G-SQUID SLGs, in contrast with SLGs
incorporating conventional SQUIDs, there is no increase in the flux noise when the

devices are operated unshielded - a consequence of their small parasitic effective

areas.
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Chapter 7

Conclusions and Future Work

The two main objectives of this work were to develop step-edge junctions as an
alternative to the use of bicrystal substrates and to develop SQUID gradiometers
with an emphasis on improving their characteristics for operation in unshielded
environments. The main achievements that have been described in earlier chapters

to meet these goals shall now be summarised. Following this, suggestions are given

for future directions related to the work described in this thesis.

7.1 Step-Edge Devices

Chapter 3 described the fabrication and properties of step-edge junctions with
reference to the characteristics of bicrystal junctions. Using the controlled fabrica-
tion process described, the yield of RSJ-like junctions was comparable to that of
the Strathclyde bicrystal junctions and to the yields achieved for step-edge junc-
tions by other groups. The IcRy products of the step-edge junctions were generally
better than those of bicrystals, with a mean IcRy of 130pV achieved for the step-
edge junctions in comparison with a mean of 1004V obtained for the bicrystals.
However, both the on-chip and the chip-to-chip spreads in the step-edge junction
parameters were found to be slightly higher than those of bicrystal junctions. From
Ic(B) curves, the step-edge junctions were found to generally have excellent uni-
formity and characteristics suitable for incorporation in SQUIDs to be cooled in an
unshielded environment.

Chapter 4 described the characteristics of step-edge junction SQUIDs. Four sim-
ilar designs of narrow-linewidth SQUID, each with a different self inductance, were
fabricated. The maximum voltage modulation depth of each SQUID was generally

found to be significantly smaller than the theoretical values predicted by Enpuku
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et al. (Equation 1.13 in Chapter 1). The main factor associated with measuring a
smaller AV than predicted is believed to be asymmetries between the parameters of
the two junctions in the SQUID. The intrinsic flux noise properties of the step-edge
SQUIDs were similar to those reported by others. The white noise of all but two
of the twenty-three step-edge SQUIDs was below 35u.®¢/ vHz. The best step-edge
SQUID had an intrinsic white flux noise of just 5u®q/ VvHz which compares well
with that of the best step-edge SQUID reported in the literature.

A comparison between the performance of step-edge and bicrystal junction
SQUIDs of the same design was included in Chapter 4. Despite the larger IRy
values obtained for the step-edge junctions, there was in general no improvement in
SQUID noise performance compared with that of the bicrystals. The lack of any
improvement in the intrinsic noise of the step-edge SQUIDs over the bicrystals, is
most likely associated with the larger spread observed in the junction parameters
- the better IcRn products of the step-edge devices are generally offset by the in-
creased likelihood of greater asymmetries in the parameters of the two junctions
incorporated in the SQUID.

In contrast to the common misconception that step-edge devices are a poor
alternative to bicrystal devices, the work described in this thesis clearly demonstrates

that for single junctions and for SQUIDs no loss in performance need be expected.

7.2 Gradiometers

Chapter 5 described the performance of small SLGs, fabricated on 10 x 10mm?
substrates, and larger SLGs fabricated on 30 x 10mm? substrates. The small SLGs
exhibited gradient sensitivities comparable with the best reported for devices fabri-
cated on 10 x 10mm? substrates. The best gradient sensitivity, measured with the

device cooled in a shielded environment, was 308fT/cmv/Hz with the device having

a balance of 1/160. A better balance was achieved for another small SLG design, for

which a value of 1/300 was measured. The small SLGs have suitable characteristics
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for many applications. Examples discussed in Chapter 5 include their use in the
Strathclyde NDE programme, and their use in the cryogenic current comparator
developed at NPL.

The large area gradiometers were designed to offer the sensitivities required for
the application of HTS SQUID sensors in biomagnetic measurements. The large area
SLGs had a balance of 1/1000, with the best device having a gradient sensitivity of
50fT/ cmv/Hz - better than any gradient sensitivity reported in the literature for a
SLG. The large area SLGs were used to record MCGs from healthy adult volunteers,
both inside the aluminium screened room at the Wellcome Biomagnetism Unit and
completely unshielded with the devices operated in the open laboratory.

A problem inherent in all conventional SQUID SLGs is the increase in flux noise,
and corresponding decrease in gradient sensitivity, when the device is cooled in an
unshielded environment - the most significant source of this increase being direct
pick-up of environmental noise and the Earth’s field by the SQUID in the centre of
the device. A novel type of SQUID, the G-SQUID, was introduced in Chapter 6.
The G-SQUID was designed such that it has no intrinsic uniform field response
from the SQUID. Autonomous G-SQUIDs were tested and found to have a small
uniform field response (more than two orders of magnitude smaller than one would
expect for a conventional narrow-linewidth SQUID of similar inductance). This
small uniform field response is believed to originate from slight imperfections in the
device fabrication resulting in the two loops of the G-SQUID having slightly different
areas. Due to their small parasitic effective areas, the incorporation of a G-SQUID
in an SLG greatly improves the device balance. The best design of G-SQUID SLG
had an intrinsic device balance of 1/5000, more than an order of magnitude better
than the balances reported for similar SLGs fabricated on 10 x 10mm? substrates
incorporating conventional SQUIDs. Given their small parasitic effective areas, with
the G-SQUID devices there was no observable increase in the flux noise when the
device was cooled in an unshielded environment - i.e. any direct pick-up by the

device is negligible. This work demonstrated that the SQUID in the centre of a
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SLG no longer need limit the balance of the device.

7.3 Future Work

In the short term, there are two areas directly associated with the work described
in this thesis which require attention. The first is the relatively poor flux noise
observed for the large area gradiometer devices described in Chapter 5. Several
bicrystal devices were fabricated, all of which generally showed a relatively poor
intrinsic flux noise. This is perhaps a consequence of there being greater stress on
the bicrystal grain boundary during film growth on the large area substrate. It
was hoped that with step-edges this would not be the case and there would be
improvements in the device flux noise. Only one step-edge device was fabricated,
and this too exhibited a poor flux noise. It was not clear whether this was related
to the problems with the fabrication of the step-edge on a large area substrate or
perhaps just due to problems that occurred with this one sample. The problem of
high flux noise could also perhaps be related to a high intrinsic flux noise in the
large area film itself. Further investigation of the film growth process on large arca
substrates is required.

The second issue which requires further attention is the high intrinsic flux noise
measured in the G-SQUID devices. This is most likely related to degradation of the
thin film during the many photolithography and ion milling procedures required.
Further optimisation of the fabrication procedure, to prevent any overmilling of the
samples and reduce the time the sample is in contact with water may reduce damage
to the film and result in improvements in the device flux noise. To further improve
the gradient sensitivity of the G-SQUID devices, a G-SQUID incorporated in a large
area SLG should be fabricated. These devices have already been designed with the
second generation G-SQUID from Chapter 6 incorporated in a third generation large

area SLG design from Chapter 5. Given the flux noise of the second generation G-

SQUIDs (the best measured was 50u®,/vHz), their mutual inductance Ly and the
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performance of the large area conventional SQUID SLG, one could perhaps expect to
achieve a shielded/unshielded gradient sensitivity of approximately 150fT/ cmy/Hz
for the large area G-SQUID SLG. Should improvements in the fabrication procedure
result in G-SQUIDs with a lower flux noise (e.g. device’s routinely exhibiting a
flux noise close to the best measured for a G-SQUID of 10u®,/vHz) then one
could hope to perhaps achieve shielded /unshielded gradient sensitivities as good as
15fT /cmv/Hz.

A more long term project to using the sensors described in this thesis, is to form
a software gradiometer from two or more separate devices. Software gradiometry
has emerged as a particularly promising technique avoiding many of the problems
associated with the electronic subtraction of signals. The signals from two or more
separate devices are post-processed to obtain gradiometric signals and/or remove
environmental noise. To improve the signal-to-noise ratio for biomagnetism appli-
cations, a possible scheme being developed by E.J. Romans and P. Brousov, is to
use two large area gradiometers (or possibly two large area G-SQUID gradiome-
ters) to form a second order gradiometer to detect the signal to be measured. In
conjunction with the gradiometer chips, three separate magnetometers measure the
environmental noise along each axis of the system. Using software processing and
filtering techniques, the signals from the two gradiometers are combined to give the
second order response with the environmental noise measured by the magnetome-
ters subtracted from the signals measured by the gradiometers. With this system
it is hoped that high quality MCGs, with signal-to-noise ratios sufficient for clinical

applications, can be recorded in a completely unshielded environment.
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