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Summar

The principal candidate for the detection of magnetic field gradients
i;ji. produced by ships and submarines is the superconducting gradiometer which
uses a SQUID (superconducting quantum interference device) as the detector
element. The fundamental sensitivity of a gradiometer is determined by the
following: (1) SQUID noise level, (2) size of pickup loops, and (3) the
coupling between the pickup loops and the SQUID. A critical performance
EE factor is gradiometer balance. Balance is defined as the gradiometer
output signal, when a uniform magnetic field is applied to the sensor,
ti divided by the magnitude of the appiied field. A combletely integrated
ff thin-film gradiometer should provide the optimum sensitivity and bé]ance
for this application., This effort was the first phase of a program to
- build such a device using only refractory thin films to achieve as rugged
a device as possible.

DC SQUIDs with 2.5 um square niobium-a]uminum oxide-niobium tunnel

!. junctions and titanium resistive shunts have been fabricated. The SQUID
‘ inductance was 0.9 nH, and the shunt resistors were approximately 10 ohms.
With the SQUIDs operated in a small-signal amplifier mode the white noise

- of the SQUIDs was measured to have a minimum value of 2.8 x 1075 ¢°/v’ﬁ7‘at
| 20 kHz. Low frequency noise was measured from 0.05 to 2 Hz with the SQUIDs
operated in a closed-loop negative-feedback mode. A straight 1ine with a

slope of -20 db/decad2 (1/f frequency dependence) fits the data below 0.5 Hz.

This line infersects a horizontal line through the white noise at about 1.6 Hz.

A design was completed of a thin-film gradiometer with one-inch square

pickup loops, a baseline of 1.1 inches, and a 50-turn input coil, which will




.
E

€

N

e
.

LI

L0 e i i ang D AR ay - v S v
T e o ChGy . T
- «® 0 Ve Ya“a ~ - M -

..........
........................................

fit on a 3-inch diameter silicon wafer., The sensitivity of this gradiometer
was predicted to be 3 x 10-1* (T/m)/YHzZ'= 3 x 10-5 (y/m)//HRz. Fabrication
of this completely integrated thin-film gradiometer made only of refractory
metals should provide an excellent means of predicting the achievable sensi-

tivity and balance of an airborne magnetic gradiometer.
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l’ Final Report for Superconducting Niobium Thin-Film

Gradiometer Technology Program

. Introduction.

- The objective of this program was to develop the technology for the
preparation of superconducting niobium thin-film gradiometers. The fol-
lowing tasks were completed during the contract period:

(1) fabrication of superconducting tunnel junctions with two different
tunnel-barrier materials and both electrodes made of niobium

“ (2) fabrication of niobium-niobium tunnel junctions with normal-metal

shunt resistors, producing nonhysteretic current-voltage charac-
teristics

i‘ (3) fabrication of dc SQUIDs using these resistively shunted tunnel

junctions
(4) measurement of the electrical characteristics of these SQUIDs
e (a) bias current, i, versus SQUID voltage, v
(b) modulation of SQUID critical current, I., by magnetic flux,
¢, in the SQUID
— (c) v versus ¢

(d) dv/d¢ versus ¢
(e) differential resistance, dv/di, versus ¢

(5) measurement of the white noise in the SQUID as a function of
flux with the SQUID in a small-signal amplifier mode

(6) measurement of low-frequency noise in the SQUID with the SQUID

incorporated in a closed-loop negative feedback system

1
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(7) design of a complete gradiometer with one-inch square pickup

loops, a baseline of 1.1 inches, and a 50-turn input coil, which

will fit on a 3-inch diameter silicon wafer.

Each of these seven areas will be discussed separately in the remainder of

the report.

Fabrication of superconducting tunnel junctions.

Vacuum system.

The vacuum system used to make the niobium-niobium tunnel junctions
described in this report is a Sloan sputter deposition system pumped by an
0il diffusion pump. This system will pump down to approximately 2 x 10-7 Torr
in the chamber in several hours. The system has ports for three magnetron
sputter guns with cylindrical targets. Two sputter guns are in place while
the third port is blanked off. When the substrate is sputter cleaned or
sputter oxidized, it is positioned under this third port. Niobium deposition
rates of approximately 2000 K/min and critical temperatures close to that of
bulk niobium for nominal thicknesses of 1000 - 3000 A are achieved in this
system. Pressures during sputter deposition or sputter cleaning are measured
with an MKS Instruments model 220 capacitance manometer with digital readout
over four decades: 0.0001 to 1 Torr. Rf power during sputter cleaning or
oxidation is supplied by a 500 watt Henry power supply.

Photolithographic masks.

Photolithoqraphic masks used during this work were designed to make
"cross-type" junctions of three different sizes: 2.5um x 2.5 um, 5 ym x Syum,
and 250 ym x 250 um. There are ten 2,5-um junctions, four 5-um junctions, and

two 250-um junctions. The 2.5-um and 5-um junctions are in two parallel rows




e

of seven junctions each, The junctions in each row are 0.5 mm apart, and the

two rows are 5 mm apart. The 250-um junctions are halfway between the rows
of smaller junctions and are 6 mm apart. The junctions are connected in
parallel electrically so that each junction can be tested separately without
sending current through other junctions. This design is shown schematically
in Figure 1. The masks also contain four dc SQUIDs, each incorporating two
2.5-um cross-type junctions. The design of the SQUIDs will be discussed in
greater detail in the section on SQUID fabrication,

A test fixture with spring-loaded probes was used to make electrical
contact with pads on the substrates. This fixture was mounted on a probe
which could be lowered into a liquid helium Dewar for testing.

Tunnel junctions.

Superconducting tunnel junctions with niobium electrodes and two dif-
ferent tunnel barrier materials have been made during the contract period.
The two tunnel barrier materials were aluminum oxide and silicon oxide., The
techniques that produced the best results for each of these barrier materials
will be described.

The niobium base- electrode was dc sputtered in the Sloan sputter
deposition system on oxidized 3-inch diameter silicon wafers. Typical
thicknesses of the films were 1000 - 1200 A. A photoresist pattern was
developed on the surface of the niobium film, and it was plasma etched
in a mixture of 27% oxygen and the balance carbon tetrafluoride. ©Olasma
etching the pattern in this gas mixture produced tapered edges on the niobium
films., A lift-off photoresist pattern was then applied to the substrate. An

undercut photoresist profile was created by soaking the photoresist in
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Figure 1. Schematic diagram of central part
of photolithographic masks for
junction fabrication.




o-dichlorobenzene for approximately ten minutes after exposure of the pattern.
The surface of the niobium film was sputter cleaned in argon at a pressure of
0.010 Torr. The peak-to-peak rf voltage was approximately 450 V. The
substrates were sputter cleaned for 15 minutes. Aluminum was then rf
sputtered onto the substrate at a very low power in 0.010 Torr of oxygen.
A typical time for this deposition was 10 seconds. A sputter oxidation
step followed in 0.038 Torr of argon plus 0.002 Torr of oxygen. The peak-
to-peak rf voltage was approximately 170 V. This step lasted typically
one minute. A 1500 A film of niobium was then dc sputtered onto the sub-
strate to complete the junctions. The niobium upper electrode pattern was
formed by dissolving the photorcsist pattern in acetone and lifting off the
unwanted parts of the upper niobium film,
-l The fabrication process for junctions made with silicon-oxide barriers
was similar to that described above for aluminum-oxide barriers. The same
sputter-cleaning step was used, but it was followed by rf sputtering silicon,

instead of aluminum, in 0.010 Torr of oxygen. A typical time for this depnsi-

tion was 50 seconds. No sputter oxidation step was used for the silicon-oxide
barrier junctions. Instead, the silicon-oxide deposition step was followed
immediately by dc sputter deposition of the niobium upper electrode. The
upper electrode pattern was again formed by the lift-off technique. Since
silicon sputters slower than aluminum, it is easier to control the oxide thick-

. ness with the silicon-oxide barriers. Our highest quality niobium-niobium
Junctions were made with silicon-oxide barriers,

Two parameters have been used to characterize the quality of our super-

) conducting tunnel junctions. The first is the ratio of the subgap resistance,




li Rg, to the normal-state resistance, R,. We have defined the subgap resistance
for our junctions to be the ratio of the voltage and current in the junction
at 1.5 mv (approximately half the superconducting energy gap):

- Rg = (1.5 mV)/(I(1.5 mV))

.- The normal-state resistance is defined to be the ratio of the voltage and

current at 4.0 mV (above the energy gap):

Rp = (4.0 mv)/ (1(4.0 mV))

The second parameter is Vp, the product of the junction critical current, I,

and the subgap resistance, Rg, defined above.

BCS theory predicts that the critical current, I., is related to the
normal-state resistance, R,, by the re]ation:]

Ic = (rA(T)/2eR,) tanh (A(T)/2kT)

Il where A(T) is the temperature-dependent energy-gap parameter. This relation
predicts that the I.R, product is determined by the superconducting energy
gap and the temperature. For A(T)/e =1.5mV and T = 4.2 K this expression

- gives:

IcRp = 2.4 mV
In practice the measured value of I. is reduced by strong coupling and/or

- proximity effects.?

In general, the single-particle tunneling current can be calculated
from an expression which must be integrated numerically. Analytic results
have been c(btained for some special cases, however., One special case is for
a tunnel junction with identical superconductors on each side of the barrier,

kT << A, and eV < 2A.3 For T = 4.2 K, kT/A = 0.24 so that the analytic ex-

pression is fairly accurate. This expression predicts that:




and
i ;i; Rs/Rn = Vm/IcRp = 40
} - The best values of these parameters (that is, the largest values of
. Rg/Rpn and Vp) that we have obtained for aluminum-oxide barrier junctions are
} for a 250-um junction:
Ic =33.A
Rg = 83 ohms
o Rn = 21 ohms
| 3 R¢/Ry = 3.92
| Vp . =2.7mV
Values of these parameters for 2.5-um junctions on the substrate which had the
\ i! highest-quality junctions of this size with aluminum-oxide barriers are:
| Ic = 0 for all 2.5-um junctions on this substrate
| R = 2300 - 5000 ohms
a Ry = 730 - 1290 ohms
' Rg/Rn = 2.25 - 3.88 (average value = 3.35)
Values for 5-um junctions on this substrate are:
. Ic = 0 for all 5-um junctions
Rg = 790 - 940 ohms
Rn = 230 - 260 ohms
- R¢/Ry = 3.41 - 3,66 (average value = 3.59)

There has been a tendency for the larger-area junctions on each substrate
to be of higher quality than the smaller ones. At the present time we have no
explanation for this observation. One would usually expect larger-area

|
\
\ junctions to be more difficult to make since there should be a greater
|
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II likelihood for pinholes or shorts through the barrier. A possible explanation
is that the edges of the junctions (where the films overlap) play a bigger role
when the area of the junctions is small. Plasma etching of the base electrode

should produce tapered edges on these films and thereby minimize problems where

!. the films cross, however.
Preliminary work fabricating silicon-oxide barrier junctions produced
higher-quality junctions than we had obtained with aluminum-oxide barriers.
The best silicon-oxide barrier junction was 250 um square and had the fol-
lowing parameter values:
v I =0
Rg = 2100 ohms
Rp = 480 ohms
L Rg/Rp = 4.45
Figures 2, 3, and 4 show current-voltage characteristics for the
junctions described above. These junctions are entirely adequate for use
| | in SQUIDs for magnetometer applications since they must be resistively shunted

to get rid of the hysteresis in the I-V characteristic. Excess current below

the energy-gap voltage (producing low values of Rg/Rp and Vp), therefore, is
not important. Reproducibility and the ability to obtain critical currents
of the desired value are the most important aspects of junction fabrication
for this application,

For comparison the best values of these parameters that we have obtained
for niobium-niobium oxide-lead junctions (which are easier to make than

niobium-insulator-niobium junctions) are:




v -

50 uA/cm

1 mV/em

Figure 2. Current-voltage characteristic of 250 um x 250 um niobium-aluminum
oxide-niobium tunnel junction. I. = 33 wA, Rg/Rp = 3.92.
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n
1 uA/cm |

E

'!' 1 mV/cm

n

| Figure 3. Current-voltage characteristic of 2.5 ym x 2.5 um niobium-aluminum

oxide-niobium tunnel junction. I. =0, Rg/.n = 3.88.
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Figure 4. Current-voltage characteristic of 250 um x 250 um niobium-silicon
oxide-niobium tunnel junction. I, = 0, Rg/Rp = 4.45.
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best Rg/Rp = 20
best Vy, = 26 mV
The best values of Rg/R, and Vy reported by others for all-niobium tunnel

junctions are summarized in the table below:

Sperry
Bell Researc
Laboratories IBM5 Center
best Rg/Rp 23 8.6 8.9
best Vpy 35 mv 13 mv 12 mV

Fabrication of resistively-shunted tunnel junctions.

Titanium shunt resistors were added to half the junctions and to all
four SQUIDs on each of three separate substrates. Our procedure was to test
junctions and SQUIDs immediately after the junctions were made (before shunt
resistors were added). If the critical currents of the SQUIDs were in the
proper ranye, then the shunts were added. The additional processing consisted
of application of a photoresist 1ift-off pattern to the substrates, a sputter-
cleaning step similar to that used in making the junctions, and dc sputter
deposition of a 3000 R film of titanium. This resulted in 10-ohm shunt
resistors. Figures 5 and 6 show I-V characteristics for 2.5-um and 5-um
junctions after addition of shunt resistors.

The overall quality of the junctions did not change appreciably during
this additional processing, but the critical currents were affected. We have
observed increases by factors of 3 to 6. These increases are probably caused

by heating of the substrates during the additional processing. We tried to

12
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R
Figure 5. Current-voltage characteristic of 2.5 um x 2.5 ym niobium-
aluminum oxide-niobium tunnel junction with titanium shunt
resistor. I. = 2.5 uA.
.
13

5 uA/cm

0.1 mV/cm
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5 uA/cm

0.1 mV/cm
|
Figure 6. Current-voltage characteristic of 5 um x 5 ym niobium-
aluminum oxide-niobium tunnel junction with titanium
shunt resistor. I. = 3.8 uA.

14



minimize heating of the junctions after they were formed by not baking the

photoresist for the shunt resistor pattern. However, increases in the criti-
cal current still occurred. The problem is probably the heating which occurs
during the sputter-cleaning step which immediately precedes deposition of the

titanium film.

Fabrication of SQUIDs.

Dc SQUIDs with resistively-shunted tunnel junctions were obtained
automatically when titanium shunt resistors were added to single junctions
since SQUIDs and junctions were formed at the same time on the substrates.
We have obtained working SQUIDs on three different substrates. Each of these
substrates has four separate SQUIDs. Figure 7 shows the SQUID geometry. The
SQUID inductance is approximately 0.9 nH, and the shunt resistors are ap-
proximately 10 ohms. The junctions in all the SQUIDs are 2.5 um square.
Critical currents for these SQUIDs range from 3 to 15 uA. A magnetic field
was applied to the SQUID by sending a current through the film just to the
right of the SQUID. Figure 8 shows photographs of a SQU:U with 2,5-um
junctions and titanium shunt resistors.

SQUID electrical characteristics,

Al1 the electrical measurements described below were conducted with the
SQUID and associated electronics inside a shielded room. In addition the
Dewar containing the SQUID was placed inside a two-layer mu-metal can to shield
against low-frequency magnetic signals.

Current-voltage characteristics and modulation of critical current.

Figure 9 shows the I-V characteristic of a SQUID before addition of

titanium shunt resistors. The curve is hysteretic with a critical current




.010 inch

1}%%("1] [ C

J |

Figure 7. Geometry of dc SQUID with two 2.5-um tunnel junctions.
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Figure 8.

Photographs of dc SQUID with two 2.5-um tunnel junctions

and titanium shunt resistors.
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? 10 uA/cm
P -

|

# "

l u 1 mV/cm

Figure 9. Current-voltage characteristic of dc SQUID before
addition of titanium shunt resistors. I. = 1.1 yA.
(SQUID #2, substrate #2, made on 7-27-82)
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of approximately 1.1 uA. After addition of 10-ohm titanium shunt resistors
the I-V curve is nonhysteretic. Figure 10 shows I-V curves for small voltages
for this same SQUID with shunt resistors. The larger critical current corre-
sponds to an integral number of flux quanta being coupled to the SQUID. The
smaller critical current corresponds to a half—integral number of flux quanta
coupled to the SQUID. Modulation of the critical current has ranged from 10 to
41% for different SQUIDs with different critical currents. In general, the
smaller the value of the parameter 2LI./¢y, the greater the modulation percent
of the critical current. This is what we observed.

Dependence of SQUID voltage on magnetic flux.

When the SQUIDs were biased with a constant-current supply, modulation
of the critical current with a magnetic field produced voltage changes across
the SQUIDs of as much as 6 uV peak-to-peak. Calculations show that an appro-
priate formula for the voltage modulation is:

AV = Rqoo/2L
where Ry is the differential resistance of the SQUID at the bias point,
¢y = 2.07 x 10715 T-m? is the flux quantum, and L is the SQUID inductance.
For our SQUIDs L = 0.9 nH, and R4 varied from 7 to 10 ohms, depending on the
magnetic flux linking the SQUID. An average value of 8.5 ohms should producé
a AV of approximately 10 uV. The lower values of AV which we observed are
probably due to contact resistance between the niobium fiims and the spring-
loaded probes used to make contact to them, The voltage across the SQUID
drives current through an impedance-matching transformer at room temperature.
Extra resistance in this circuit reduces the current flowing in the transformer

primary and therefore reduces the voltage measured across the secondary. Use

19
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Figure 10.

2 uA/cm

10 uV/cm

Current-voltage characteristics of dc SQUID for small voltages
after addition of titanium shunt resistors. Curves show effect
of magnetic field on criticai current of SQUID. I. = 3.0 A,
modulation = 41%. (SQUID #2, substrate #2, made on 7-27-82)
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of the spring-loaded probes made testing easy and fast but is not the best
solution. A better solution is to ultrasonically bond aluminum wires to the
niobium films. This will be done on the next generation of SQUIDs that we
make.

Curve (a) in Figure 11 shows a plot of SQUID voltage as a function of
magnetic flux linking the SQUID. A square-wave current generator was used to
bias the SQUID. The current alternated between zero and the dc value where
the SQUID was most sensitive to changes in magnetic flux. The voltage across
the SQUID was applied to the input of an EG&G Princeton Applied Research
model 119 preamplifier which was installed in a PAR model 124A lock-in ampli-
fier. The preamplifier was operated in the transformer mode to give the best
impedance matching between the SQUID and the preamplifier. A slowly-varying
magnetic signal was applied to the SQUID. The phase-sensitively detected
signal at the output of the lock-in (using the current modulation as a
reference) was plotted on an X-Y plotter as a function of the applied magnetic
signal.

Dependence of dv/d¢ and dv/di on magnetic flux.

........................

Curves (b) and (c) in Figure 11 show plots of dv/d¢ and dv/di as a

function of magnetic flux. Curve (b) is useful because flux noise in the
SQUID is the ratio of the voltage noise to dv/de¢. Curve (c) is interesting
because from it one can determine if maxima in voltage noise correspond with
maxima in dv/di, the differential resistance. Curve (b) was obtained by using
a constant-current bias and applying a small-amplitude flux signal to the
SQUID. The voltage across the SQUID was applied to the input of the lock-in

amplifier, and the output recorded as a function of the slowly-varying flux
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) signal.  The flux modulation used in this case was 9 x 10”3 ¢, peak-to-peak.
Curve (c) was obtained by adding a small amplitude current modulation to a
constant-current bias and recording the output of the lock-in amplifier as
a function of the slowly-varying flux signal. The constant-current bias
used in this case was 14 uA, and the current modulation was 25 nA peak-to-peak.

White noise ig_the SQUID.

Curve (d) in Figure 11 shows a plot of the voltage noise in a 2 kHz

bandwidth centered at 20 kHz. The SQUID was biased with a constant-current

{ , source, and the voltage across the SQUID was applied to the input of the

0 PAR 119 preamplifier in the transformer mode. This transformer was measured
to have a noise temperature of 18 K-at 20 kHz for a 10-ohm source resistance.
The PAR 124A lock-in amplifier was used in the ac-voltmeter mode to measure
I! the total voltage noise of SQUID plus transformer as a function of the slowly-
varying flux signal. The transformer voltage noise in a 2 kHz bandwidth
centered at 20 kHz, referred to the input of the transformer, was measured
K to be 2.0 x 10-17 v2 for a 10-ohm source resistance. The total voltage noise
plotted in curve (d) varies from 2.9 to 9.0 x 10-1€ V2, The voltage noise of
the transformer, therefore, was approximately 3% of the total voltage noise
measured and can be neglected. It is interesting to observe that minima in
the dv/di versus flux curve occur at the same values of flux as the minima in
voltage noise, but that maxima in the dv/di curve do not occur at the same
places as the maxima in the voltage noise. We do not have an explanation for
this behavior at the present time.
The maxima and minima of the dv/d¢ curve, curve (b) in Figure 11, occur

at (n + 0.21)¢, and (n + 0.75)¢,, respectively. The values of dv/d¢ at these
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points are 14.4 uV/¢o and -19.2 uV/ég. The values of the voitage noise at

these values of flux are 0.55 nV/YHz and 0.54 nV/ Y Hz. Calculating the flux
noise at these two points gives 3.8 x 1075 ¢,/ /AZ and 2.8 x 1075 ¢,/ / Wz,
respectively. Between these points the flux noise increases to high values
at ng, and (n + 0.5)¢,, where dv/d¢ goes to zero.

Low-frequency noise in the SQUID.

To measure low-frequency noise we have operated the SQUIDs in a
closed-loop negative feedback mode. To do this a 20 kHz flux modulation
signal is applied to the SQUID, and the output of the lock-in amplifier is
fed back through a resistor to the modulation coil. In this mode the SQUID
locks on to one of the voltage-versus-flux maxima or minima, depending on the
sign of the feedback signal. Voltage changes across the feedback resistor
are then proportional to changes in flux in the SQUID.

Voltage noise across the feedback resistor was measured in two different
ways. One way was to apply this signal directly to the input of a
Hewlett-Packard 5420A digital signal analyzer located outside the shielded
room., One problem with this method was that the digital signal analyzer
caused noise to be added to the voltage signal across the SQUID, as observed
on an oscilloscope. In addition the amplitude of the signal was reduced
somewhat. Data were taken this way, however, and the results are shown in
Figure 12. The vertical scale is plotted in db with zero db equal to an
rms noise of 1 ¢°/ufﬁ3§ The horizontal scale is proportional to the logarithm
of the frequency and extends from approximately 0.1 to 10 Hz at the right edge
of the graph. The white noise is approximately -89 db, which corresponds to
3.5 x 1075 ¢,/ /Hz.
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Figure 12. Noise spectrum of dc SQUID measured from 0.1 to 10 Hz.
(SQUID #1, substrate #2, made on 7-27-82)
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The second method used to measure the low-frequency noise was to record
the voltage noise across the feedback resistor on a Honeywell 101 16-channel
tape recorder located outside the shielded room. The data recorded on the
tape could then be analyzed later using the digital signal analyzer. This
method avoided connecting the signal analyzer directly to the SQUID elec-
tronics. It was noticed, however, that connection of the tape recorder to the
output of the lock-in amplifier slightly reduced the amplitude of the SQUID
voltage signal. The signal did not appear to be noisier as was the case
with the digital signal analyzer. Plots of data taken this way are shown in
Figures 13 and 14. The white noise for this SQUID is approximately -87 db,
which corresponds to 4.5 x 1075 ¢°/¢qﬁﬂ A straight line wiin a slope of
-20 db/decade (1/f frequency dependence) has been fit to the data below
0.5 Hz. This line fits the data fairly well and intersects a horizontal line
through the white noise at about 1.6 Hz.

Figures 11 and 13 contain noise data for the same SQUID in two different
modes of operation. Figure 11, curve (d), shows the white noise of the SQUID,
with the feedback loop open, as a function of flux. As was discussed above,
the noise has two minima occurring at flux values of (n + 0.21)¢, and
(n + 0.75)po. The values of the noise at these two values of flux are 3.8
and 2.8 x 1075 ¢,/ VHz, respectively. Figure 13 shows the noise of the SQUID
operating with the feedback loop closed. The SQUID is driven by a sinusoidal
modulation flux with an amplitude of approximately ¢,/4. In this .iode of
operation the flux noise is effectively the average over the flux bias points
swept out by the modulation., The bias signal is in regions of relatively

high values of dv/d¢ most of the time so that the noise is not degraded

26




A SPEC 1 R#: 115 fA 208 EXPAND
-60. 809

LGMAG
P
- 4 -87 db = 4. -5 o /T T RN
. 5x10 ¢°/ Hz ] .‘lt‘wll xll
-108. 08
I ! T 1
108.80 w LG HZ S. 8808

Figure 13. Noise spectrum of dc SQUID measured from 0.1 to 10 Hz.
(SQUID #3, substrate #3, made on 8-24-82)
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Figure 14. Noise spectrum of dc SQUID measured from 0.005 Hz to 2 Hz.
(SQUID #3, substrate #3, made on 8-24-82)
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significantly from what it would be if the SQUID were always biased at points
of maximum dv/d¢. This should account for the slightly higher white noise
level in Figure 13 of 4.5 x 1075 ¢,/ /Hz.

Gradiometer design,

A design was completed of a gradiometer with one-inch square pickup
loops, a baseline of 1.1 inches, and a 50-turn input coil, which will fit
on a 3-inch diameter silicon wafer, Figure 15 shows the pickup loops, SQUID,
and bias and modulation leads. Figure 16 shows a detailed drawing of the end
of the SQUID containing the junctions. A few 5-um lines of the 50-turn input

coil are also shown. Two cross-type junctions 2.5 um square and four dumbbell-

shaped resistors, each five squares long, are shown. Two resistors are
! associated with each junction. The SQUID is fabricated on a superconducting
h ! niobium ground plane in order to achieve a low SQUID inductance and obtain
good initial balance. The ground plane extends under the center part of the

pickup loops to eliminate balance problems in that area. The ground plane

v

4 itself is used as part of the pickup loop circuit and provides the return
path for current in the circuit formed by the pickup loops and input coil.
This minimizes the number of metallization layers needed to fabricate the

% . gradiometer,

The values of the SQUID inductance, input-coil inductance, and input-

coil coupling constant depend on the insulator thicknesses chosen. Expected

values are approximately 30 pH for the SQUID inductance, 200 nH for the
input-coil inductance, and 0.6 for the coupling constant (M = kv/TgLi). The
pickup-loop inductance should also be approximately 200 nH. Since this SQUID

has a much lower inductance than the 0.9 nH SQUIDs built during this contract,

P P
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the flux noise should be much lower. A simple theory of thermal noise in
dc SQUIDs shows that the thermal flux noise should have a spectral density
proportional to the square of the inductance of the SQUID, if other para-
meters are held constant. Using these numbers the predicted sensitivity of
this gradiometer is approximately 3 x 10-!% (T/m)/ YHZ' = 3 x 10~5 (y/m)/ /Hz\
Additional sensitivity can be obtained by using larger substrates and in-
creasing the size of the pickup loops.

Conclusions and recommendations.

Niobium-niobium cross-type tunnel junctions have been made with two
different tunnel-barrier materials, aluminum oxide and silicon oxide. The
best Rg/R, ratios obtained for these junctions have been 3.92 for the
aluminum-oxide barriers and 4.45 for silicon oxide., Titanium resistive
h ! shunts of approximately 10 nhms have been added to these junctions to give
i nonhysteretic 1-V curves. D¢ SQUIDs with 2.5 um square niobium-aluminum
oxide-niobium junctions hav- been fabricated. The SQUID inductance was
i! 0.9 nH. With the SQUIDs operated in a small-signal amplifier mode measure-
ments of the SQUID voltage v, dv/d¢, dv/di, and noise voltage v, were made
as a function of flux ¢. The white noise of the SOUIDs was measured to
-4 have a minimum value of 2.8 x 1075 ¢,/ YHZ' 4t 20 kHz in this mode. Low-
frequency noise was measured from 0.005 to 2 Hz with the SQUID operated in
E_ : a closed-loop negative-feedback mode. The white noise measured in this mode
>'-4 - was slightly higher than that measured with the feedback loop open. A straight
line with a slope of -20 db/decade (1/f frequency dependence) fits the data

below 0.5 Hz. This line intersects a horizontal line through the white noise

at about 1.6 Hz,
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A design was completed of a thin-film gradiometer with one-inch square
pickup loops, a baseline of 1.1 lines, and a 50-turn input coil, which will
fit on a 3-inch diameter silicon wafer. The sensitivity of this gradiometer
was predicted to be 3 x 10-1* (T/m)/ /Az'= 3 x 10-5 (v/m)/ /HzZ. Fabrication
of this completely integrated gradiometer made only of refractory metals
should provide an excellent means of evaluating a thin-film gradiometer for
airborne use. It is recommended that this gradiometer should be built and
that the following measurements should be made:

(a) coupling of pickup loops to SQUID

(b) white noise levels with the feedback 1loop open and closed

(c) Tlow-frequency noise

(d) intrinsic balance

(e) hysteresis of gradiometer output when the gradiometer is rotated

in opposite directions in the earth's magnetic field

(f) effects of thermal cycling from room temperature to liquid helium

temperature

(g) storage characteristics

(h) reproducibility
These devices should enable one to determine if flux noise in thin-film pickup
loops is a problem. Also, accurate projections of sensitivities for gradio-

meters with larger pickup loops should be able to be made.
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