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Abstract 

We report the first low noise thin film BSCCO(2223) SQUID operating at 77 K and above. The natural grain boundary weak links 
combine with a highly textured film structure to allow noise levels comparable to those achieved in YBCO or TBCCO devices. 

1. Introduction 

A number of groups have described low noise DC 
SQUID performance in devices fabricated from YBCO 
and TBCCO films [1-4], operating at 77 K. The weak 
links that have been used range from natural grain 
boundaries through 'engineered' bi-crystal grain 
boundaries to step-edge junctions, although in practice 
there is no clearly established correlation between the 
type of junction and the performance that is obtained 
(perhaps because all approaches yield what are 
effectively natural grain boundary junctions). 

The interest in fabricating a BSCCO SQUID is that 
the material is more stable against atmospheric corrosion 
than YBCO, and has not the toxicity of TBCCO; also, the 
transition temperature T c of BSCCO(2223) is above 
100 K. On the other hand, the well-known weakness of 
flux-pinning in the BSCCO phases suggests that flux 
noise in a SQUID fabricated from this material might be 
too high for the device to be useful. Little work on 
similar BSCCO devices has been reported, with SQUID 
operation mainly observed at low temperatures [5], Face 
et al. [6] have reported detailed noise measurements for a 
BSCCO SQUID operating at up to 75 K, with energy 
sensitivity e(100Hz)= 2.7x10-25J/Hz, four orders of 
magnitude worse than the best reported YBCO SQUID at 
77 K [7]. Our work was intended to determine whether 
this high noise level is intrinsic to BSCCO, or whether 
the possibility exists of fabricating low noise devices 
from this material. 

2. Thin film deposition and device fabrication 

The Pb-doped BSCCO film was produced ex-situ [8]. 
Single target DC triode sputtering on to (1 0 0) MgO 
substrates yielded a deposit with thickness of about 
830 nm. EDX analysis revealed the film composition to 
be in the ratio (1.68,0.4): 1.95:2.09:3.04 for 
(Bi,Pb):Sr:Ca:Cu, respectively. The film was 
subsequently annealed at 858 C for 15 hrs in air with a 
Pb-doped pellet of the (2223) stoichiometry in close 
proximity. The film was cooled in air outside the furnace. 
The volume fraction of high T c phase was estimated as 
92(+3)% from a comparison of the (0 0 14) high T c phase 
peak with the (0 0 12) low T c phase peak in XRD. The 
films are granular, but strongly textured with the c-axis 
normal to the substrate; the typical grain size is 5 [tm. 

The film Tc(zero ) measured resistively was 107 K, 
being confirmed also by an inductive transition 
measurement, showing an onset at 110 K [9]. At 77 K, 
the film has a Jc of 500 A cm -2 

A DC SQUID pattern was imposed on the film using 
conventional photolithography and AZI512 photoresist. 
This was followed by a wet etch in a saturated solution of 
EDTA at room temperature for 6 min. The SQUID ring 
pattern had a hole nominally 130 ~tm in diameter, with 
two 'microbridges' on either side, some 20 ~tm wide, the 
intention being that one of the small number of grain 
boundaries crossing each 'microbridge' should act as the 
weak-links. An inductive characterisation of the patterned 
film indicated no detectable suppression of T c, in 
agreement with previous observations [10]. Electrical 
contact between the film and four Ag wires was made 
with Ag paint onto evaporated Ag bonding pads. 
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Figure 1 Measured I-V characteristic of 
SQUID 1 with an integer number of Oo through the ring. 
The dotted curve is a fit to the Ambegoakar-Halperin 
model, with 7= Ooic / ~kBT and i c = 4 t.tA. 
Inset The patterned SQUID ring. 
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Figure 2. The DC voltage response of SQUID 1 
as a function of applied magnetic field, at a bias current 
of 40 laA. 

3. SQUID operation and performance 

The SQUID was cooled by direct immersion in liquid 
nitrogen within a 2-layer mu-metal shield with a single 
layer lid. The residual steady field inside the shield was 
less than 30 nT, and mains frequency field noise was 
attenuated by 60 dB or more. Leads to the SQUID were 
filtered using low pass RC networks with roll-off above 
1 MHz. DC bias current was supplied from a battery- 
derived source, with the voltage leads being connected to 
either a low noise DC nanovoltmeter (EM Type NI 1) or 
through the differentially connected pre-amplifier of a 
lock-in amplifier. In both cases the limiting voltage noise 
from the electronics was about 1-2 nV/~/Hz. External 
field modulation was applied perpendicular to the SQUID 
thin film with either a Helmholtz coil geometry or a 
multi-turn pancake coil coupled closely to the SQUID 
loop, the latter being used to apply AC modulation in the 
lock-in amplifier detection mode. 

The measured current-voltage (I-V) characteristic has 
been fitted to a noise-rounded RSJ model [11]. A one- 
parameter fit is shown in Figure 1; the fit corresponds to 
a critical current i c of 4 ~tA which is noise rounded by 

thermally activated phase-slips. The icR n product is 
~2 I.tV. The measured critical current translates to a Jc 
within the 'microbridges' of -40 A cm -2, a factor of ~I0 
less than that of the film as a whole. 

Although no zero voltage supercurrent step is visible 
in the I-V curves at 77 K (Figure 1), the device works 
well as a conventional DC SQUID when biassed into the 
finite voltage regime. For a DC SQUID the expected 
voltage modulation AV is of order icsR n or RntI)o/L, 
whichever is the less, where ics is the smaller of the two 
weak-link critical currents and L is the SQUID ring 
inductance. For a 130 ktm diameter hole in a 1 ~tm thick 
film, the ring inductance L is estimated as 470 pH and 
ics < 4 ~tA, so both estimates suggest that AV < 2 l.tV, in 
reasonable agreement with the experimental value of 
0.6 IxV. 

The observed field periodicity (Figure 2) corresponds 
to an area of 0.061 mm 2, approximately twice that of the 
patterned hole. This enhancement can be understood in 
terms of flux focussing by the superconducting 
electrodes, whereby as the external field is increased, 
screening currents prevent entry of flux into the 
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Figure 3 (a) Transfer function (dV/d$) as a 
function of the applied field Bex t. 

(b) Power spectral density of voltage 
noise at the SQUID voltage output terminals as a function 
of Bext, measured simultaneously with (a), showing a 
modulation correlated with dV/d~ which is characteristic 
of flux noise. 

electrodes, and so increase the field at the SQUID ring 
itself. Although the geometry of the ring and electrodes 
(inset to Figure 1) does not lend itself to exact calculation 
of this effect, a focussing factor of 2 appears perfectly 
reasonable. 

This SQUID has a response that can be followed for 
about 200 cycles of the 33 nT period; furthermore, the 
hysteresis after field excursions of this magnitude was 
typically a fraction of a flux quantum. However, in larger 
applied fields, the response is modulated, particularly by 
a dominant period with AB-70 pT (corresponding to an 
area of ~30 Bm2), for which AV is as large as 6 BV. We 
attribute this modulation to internal loops within the 
'microbridges', and note that the corresponding area is on 
the order of the grain size. 

The noise performance of the SQUIDs was measured 
using an liP 35660A Signal Analyser. At frequencies 
above 10 Hz, SQUID noise was found to drop below the 
instrumentation noise floor. 

Figure 3 shows that at 1 I-Iz, the measured noise 
depends strongly on applied field, and tracks closely the 
SQUID transfer function dV/d¢. This correlation shows 
that the dominant contribution is field noise as against, 
for example, fluctuations in critical current of the 
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Figure 4 SQUID 2; (a) response and (b) transfer 
function as functions of applied magnetic field. 

junctions. The major contribution to field noise is likely 
to be from thermally activated motion of flux trapped in 
the superconducting ring and the adjacent electrodes. 

Translating from voltage noise to flux noise yields 
figures of 10 -20o2/I-Iz at 1 Hz, decreasing very rapidly 
with frequency to about 10 -60o2/I-Iz at 10 Hz. In terms of 
energy, these figures correspond to 4 10 -23 and 
4 10 -27 J/Hz respectively. 

A second device, SQUID 2, was fabricated on a 
different film that was slightly more Bi-rich. At 77 K, the 
'microbridge' i c was -20 I,tA, but the field response was 
complex (Figure 4), indicating that several different 
weak-linked areas are contributing simultaneously. 

The long-term stability of these devices appears to be 
excellent too. In the ambient field of 30 nT, typical drift 
rates are of the order of 10 -2 @o/min. After exposure to 
larger fields of several mT, the response stabilises after a 
few minutes, although some additional 'telegraph' noise 
[12] is then visible. 

4. Discussion 

The BSCCO(2223) material has a number of 
advantages over YBCO (higher T c, greater resistance to 
atmospheric corrosion) and TBCCO (lower toxicity) 
which have not yet been exploited in device applications. 

Our results show that SQUIDs can be fabricated from 
this material by straightforward patterning techniques, 
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utilising natural grain boundary weak-links in a granular, 
but highly textured, thin film. 

Although flux is rather poorly pinned in these 
materials, and the resultant flux noise is high at low 
frequencies, satisfactory SQUID operation is perfectly 
feasible at 77 K. The devices are therefore well-suited to 
applications where simplicity of fabrication and operation 
outweigh the requirements for the highest sensitivity. 
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