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Noise properties of high-T. superconducting flux transformers fabricated

using chemical-mechanical polishing
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Reproducible high-temperature superconducting multilayer flux transformers were fabricated using
chemical mechanical polishing. The measured magnetic field noise of the flip-chip magnetometer
based on one such flux transformer with a 9 x 9 mm? pickup loop coupled to a bicrystal dc SQUID
was 15 fT/Hz"? above 2kHz. We present an investigation of excess //f noise observed at low
frequencies and its relationship with the microstructure of the interlayer connections within the flux
transformer. The developed high-7,. SQUID magnetometers may be advantageous in ultra-low field
magnetic resonance imaging and, with improved low frequency noise, magnetoencephalography
applications. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4738782]

Magnetometers based on superconducting quantum inter-
ference devices (SQUIDs) are widely used in various biomed-
ical applications, including magnetoencephalography (MEG)'
and ultra-low field magnetic resonance imaging (ulf-MRI).?
These applications demand magnetic field sensitivity of less
than 10 fT/Hz'?; for MEG, the high sensitivity should also
remain at frequencies as low as 10 Hz.** This imposes strict
requirements on the magnetic sensor performance. Low
critical-temperature (low-7,.) SQUID magnetometers may
yield magnetic field sensitivity below 1 fT/Hz"? but they
require liquid helium temperatures (4.2K) for operation. To
simplify cooling requirements, high critical-temperature
(high-T,.) SQUIDs can be utilized that operate at the boiling
point of liquid nitrogen (77 K). This may be advantageous,
especially for MEG where the separation between the SQUID
and scalp should be minimized. However, the magnetic field
sensitivity of standard single-layer high-T,. SQUID magneto-
meters is typically a factor of 30 worse than equivalent low-7.
SQUIDs. A significant design limitation of such magneto-
meters is the very large inductance mismatch between the
pick-up loop and the SQUID loop that reduces the effective
area A,z of the sensor (that equivalently increases the flux-to-
field transformation coefficient Az -1 (nT/®y), and thus the
sensitivity of the sensor). A typical single-layer high-T,. dc
SQUID magnetometer has a magnetic field sensitivity of 50
fT/Hz"? at 10Hz and transformation coefficient Ao “1=53
nT/®,.> To improve the transformation coefficient and thus
the magnetic field sensitivity of the sensors, flux transformers
with a multiturn input coil should be used.

A superconducting flux transformer consists of a large
superconducting pickup loop and a smaller multiturn input
coil that couples magnetic flux into the SQUID (Ref. 6)
(Figs. 1(a) and 1(b)). Flux transformers can either be inte-
grated on the same chip with the SQUID or in a separate
flip-chip configuration. The flip-chip configuration is easier
to realize but requires accurate alignment between two chips
in order to provide high mutual inductance.
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Thin film flux transformers require two superconducting
layers separated by an insulator. There should also be a
superconducting connection (a via) between the supercon-
ducting layers. The main challenge for the fabrication of
crossovers and vias in high-T, superconducting materials is
to obtain c-oriented film on the entire length of the top elec-
trode. In order to provide proper conditions for the growth of
c-oriented high-T,. film, very shallow edge slopes of the bot-
tom electrode need to be produced. Another important issue
is the smoothness of the bottom electrode because the pres-
ence of droplets and precipitates on its surface can lead to
the formation of unwanted short-circuits between layers.

The early high-T. thin film multilayer flux transformers
were made with an ion-beam etching (IBE) technique.” '°
Slopes of 10-25° were obtained using post exposure baking
of the resist mask. Ludwig et al. fabricated a flip-chip
SQUID magnetometer with a multilayer flux transformer
with a magnetic field sensitivity of 74 fT/Hz"* at 1 Hz and
31 fT/Hz'? at 1 kHz.° Drung et al. demonstrated sensitivity
of an integrated multilayer SQUID magnetometer of
9.7 fT/Hz"* at 1 kHz and 53 fT/Hz"” at 1 Hz."’

The fabrication process was improved by using aniso-
tropic chemical etching with a non-aqueous Br-ethanol
solution.''™'* This technique yields slope edge angles down
to 3° and was used to produce multilayer high-T,. supercon-
ductor flux transformers with a transformation coefficient of
1 nT/®, on 10 x 10mm? chips.'' The magnetic field sensi-
tivity of magnetometers combined with such flux transform-
ers was 15 fT/Hz'* at 1kHz and 35 fT/Hz"? at 1Hz for
an 8 x 8mm? pickup loop and 3.5 fT/Hz"? at 1kHz and
7 fT/Hz"? at 1 Hz for a 16 x 16 mm? pickup loop."*

The chemical-mechanical polishing (CMP) method was
suggested for fabrication of high-T,. multilayer structures as an
alternative approach.'>'® CMP has several benefits when com-
pared to previous techniques. CMP does not require hazardous
chemicals like Br-ethanol. Polishing also improves surface
smoothness of the bottom electrode, thereby reducing galvanic
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FIG. 1. (a) Schematic of the SQUID magnetometer with flux transformer.
The optimal design maximizes the area of the pickup coil, Ap, while match-
ing the pickup coil inductance, Lp, to that of the input coil, L;, and making
the coupling parameter, o= M,/(L,LS)” 2, between the input coil and the
SQUID as close to 1 as possible. (b) Image of our magnetic field flux trans-
former glued together with the SQUID.

shorts that plague methods that rely exclusively on chemical
etching.'”'® It has further been shown that edge slope angles
of less than 1° can be obtained using CMP, meaning cross-
overs with very high critical current densities (2 x 10° A/em?)
are within reach.'” Takashima et al. fabricated a CMP-based
multilayer YBa,Cu;0,_,/SrTiO3/YBa,Cu30,., (YBCO/STO/
YBCO) SQUID magnetometer, but their device was limited to
a single-turn input coil." CMP-processed multilayer high-7,.
superconducting flux transformers with multiturn coils have
yet to be experimentally realized.

In this work, we have implemented a safe and reproduci-
ble CMP process for fabrication of high-T,. superconducting
multilayer flux transformers. Our YBCO/STO/PrBa,Cu;0,
/STO/YBCO crossovers and vias showed excellent supercon-
ducting parameters. The developed technique was used
to fabricate multiturn magnetic flux transformers on
10 x 10mm? STO substrates. A flip-chip design SQUID
magnetometer combined with one such multilayer flux
transformer demonstrated a magnetic field sensitivity of
15 fT/Hz"? at 2 kHz and 135 fT/Hz"? at 10 Hz. We present a
study of the low frequency noise and its relationship with the
microstructure of the interlayer connections in the flux trans-
former. High resolution transmission electron microscopy
(HRTEM) investigations suggest the excess //f noise was
caused by a-oriented grains in the top YBCO electrode. We
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plan to use our developed high-T,. SQUID magnetometers in
an ulf-MRI system and, with improved low frequency noise,
for magnetoencephalography.

An image of the input coil of one of the flux transform-
ers glued together with a SQUID is presented in Fig. 1(b).
The interconnection line in the bottom electrode connected
the middle part of the input coil to the outer pick-up loop.
The SQUID had 1.5 um wide Josephson junctions and a
washer size of 1.28 x 1.28 mm”. Four identical SQUIDs
were tested with this 10 x 10 mm? transformer chip.

The effective area of the magnetometer can be estimated
using the formula,®

o L
Agpr = —APQ )]

2Ly

where 0 <o <1 is the coupling coefficient between the
SQUID and the transformer input coil, Ap and Lp are the
area and the inductance of the transformer pickup loop,
respectively, and Lg is the SQUID inductance (see Fig. 1(a)).
This expression shows that the effective area of a SQUID
magnetometer with a flux transformer is increased by a fac-
tor of %% as compared to a single-layer (directly coupled)
magnetometer of equivalent size A, = 0Ap f—; (i.e., the
inductances, Lp, and effective areas, Ap, of the pick-up coils
would be roughly the same in both cases).

The SQUID had a square 60 x 60 um” hole that corre-
sponded to a calculated inductance of Lg= 100 pH. The flux
transformer consisted of a square pick-up loop with the outer
dimension D =9 mm and the inner dimension d =8 mm that
corresponded to Ap =D X d of about 72 mm?>. The calculated
inductance of the pick-up loop Lp was 20 nH.® The multiturn
input coil had 11 turns and 10 um line-widths with 5 um
pitch, providing an inductance of about L; =25 nH.

The YBCO thin films were grown by pulsed laser depo-
sition (heater temperature 810 °C, oxygen pressure 0.6 mbar,
energy density of 1.46J/cm?). The deposited thickness of
both bottom and top YBCO layers was 360 nm. The insulat-
ing trilayer of STO/PBCO/STO was deposited using RF
sputtering. The two 30nm thick layers of SrTiO; were de-
posited with an RF source power of 100 W in a mixed argon-
oxygen atmosphere (60% O, +40% Ar) at a partial pressure
of 0.1 mbar. A 300nm PBCO layer was deposited in
between the STO layers under the same partial pressure of
gas with a mixture of 20% O, 4 80% Ar and an RF source
power of S0 W.

A Logitech PM5 polishing machine was used to polish
the YBCO films and the insulating trilayer. The polishing fluid
(Logitech SF1) consisted of formaldehyde (<1.0%), ethylene
glycol (4%-5%), and amorphous silica (15%-50%). The size
of the amorphous silica particles was 20—140 nm. The polish-
ing platen covered with a soft polyurethane pad rotated at con-
stant speed that could be selected between 1 and 70rpm.
Samples were mounted on the glass holder that performed
rotational movements on the platen surface. It was possible to
attach weight to the glass holder in the range of 400-1500 g.
Several dummy STO substrates were mounted on the holder
to improve uniformity of the weight distribution.

The polished surface of the YBCO films was very
smooth, with roughness r, (arithmetic average of absolute
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values) below 1nm. Scanning electron microscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDS) investiga-
tions did not show any foreign contaminations of the film
surface after polishing. Furthermore, measurements of the
critical temperature of the bottom YBCO film indicated that
there was no degradation of its superconducting properties
after the polishing procedure.

The fabrication process for the YBCO/(STO/PBCO/
STO)/YBCO multilayer structures using the optimized CMP
process is described below. The bottom YBCO film was pat-
terned using ultraviolet (UV) photolithography and dry Ar™*
IBE. After the etching, the measured slope angle of edges in
the YBCO film was around 60°. The polishing procedure
was applied to reduce the angle of the slope edge to about
2°. After this, deposition of the insulating layer and pattern-
ing of the windows for vias was performed. A second polish-
ing step was used to obtain shallow slope angles in the
insulator. Finally, deposition of the top YBCO film and pat-
terning of the top electrode were performed using UV photo-
lithography and IBE.

Several test crossovers and vias were made to examine
the fabrication process. The critical temperatures of the bot-
tom and top electrodes were typically 89-90 K. The critical
current densities of both electrodes including crossover parts
were 6 x 10° A/cm?. These high critical parameters indicate
that the fabrication process did not degrade the supercon-
ducting properties of the films.

The measured critical current of the vias was about 80
mA. This is sufficiently higher than the currents that would
be induced by typical signals in MEG and ulf-MRI. It is dif-
ficult to estimate the critical current density in the vias due to
the anisotropy of the superconducting properties of the
YBCO. Since the critical current density of YBCO in the a-b
planes is about 100 times higher than that along the c-axis
direction, the cross-sectional area of the via that dominates
supercurrent transport is mainly defined by the perimeter of
the window and overlap between the top and bottom electro-
des on the slopes of the edges.

The flux transformers were fabricated with our CMP
process on double-side polished 10 x 10 mm?® STO sub-
strates. In order to improve the reproducibility of the process,
the interconnection line was fabricated in the bottom elec-
trode followed by fabrication of the input coil in the top elec-
trode. The top electrode thus contains both the pick-up loop
and the multi-turn input coil. This process had a high fabrica-
tion yield of 90% (11 out of 12 samples).

The SQUIDs were fabricated on separate 10 x 10 mm?
24° bicrystal substrates. The flux transformers and SQUID
chips were glued together using UVS5 photoresist. Chips
were dried for 2 h at room temperature after alignment. The
in-plane misalignment between chips was estimated to be
less than 2 um (see Fig. 1(b)).

Measurements of the SQUID magnetometer transforma-
tion coefficient A5~ ! were performed using a calibrated
Helmbholtz coil set with an outer diameter of 40 cm. MAGNI-
CON SEL-1 electronics was used for control and readout of
the SQUID. Noise measurements were recorded with a Stan-
ford Research 785 spectrum analyzer. For magnetic flux
noise measurements, a 4-layer permalloy shield was used in
addition to a superconducting shield. In order to reduce the
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contribution of critical current fluctuations in the junctions
of the bicrystal SQUID, the device was operated with a bias
reversal technique at 40 kHz.?°

The measured transformation coefficient of one of
the flip-chip SQUID + transformer magnetometers was
Ay ~1=1.6 nT/®,. This value corresponds to an estimated
coupling coefficient of « =0.51 (Eq. (1)). In order to better
understand the coupling mechanism between the SQUID
washer and the input coil, we made calculations of this mu-
tual inductance with 3D-MLSI software.?’ The calculations
were made using the designed chip layout and assuming the
distance between the SQUID and the flux transformer chip
was 3 um (mechanical micrometer measurements of this dis-
tance indicate it lies between 1 and 5 um). The calculated
coupling coefficient was o =0.41. The resulting agreement
between calculated and estimated coupling coefficients
(¢=0.41 and o =0.51, respectively) indicates the alignment
between the SQUID and transformer chips was near optimal.
The better value of measured coupling coefficient can be
explained that the distance between was likely less than
3 um in the experiment.

Noise spectra of the flip-chip magnetometer and bare
SQUID in ac-bias mode are shown in Fig. 2. The bare
SQUID (i.e., without the transformer) had a magnetic flux
noise of about 10 u®y/Hz'? with a I/f cut-off frequency of
about 10 Hz in ac-bias mode. When the SQUID was coupled
to the flux transformer, the white noise level above 2kHz
remained the same and corresponded to a magnetic field sen-
sitivity of about 15 fT /Hz'?. Below 2kHz, however, excess
1/f noise was observed that was not suppressed by ac-bias.
We attribute this excess noise to the presence of the flux
transformer.

A possible source of low-frequency noise in the flux
transformer is thermally activated motion of flux vortices
trapped in the high-T, film.® We performed several experi-
ments in order to investigate the possible microscopic origin
of the excess noise. We measured the noise properties of the

100 4

Magnetic field noise SBHZ, fT/HZ"?

Magnetic flux noise S, n®/Hz"

10 A
1 4| —— SQUID+FluxTrans 1.6 nT/®,
---- bare SQUID i
10° 10’ 10° 10° 10* 10°

Frequency, Hz

FIG. 2. Noise spectra of the bicrystal dc SQUID (dashed) and the same
SQUID coupled with our multiturn superconducting flux transformer fabri-
cated using CMP (solid). The left axis indicates the flux noise for both the
bare SQUID and the SQUID coupled with flux transformer. The right axis is
the calibrated magnetic field noise spectra of the SQUID and flux trans-
former. Note the white noise level of 15 fT/HZ]/ 2 above 1kHz obtained with
the optimized device. The excess//f noise contributed by the flux trans-
former is likely caused by flux motion in grain boundaries within the vias
(see text).
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STO

FIG. 3. Cross-sectional high resolution transmission electron microscope
image of interlayer connection (via) of the flux transformer presented herein.
Insets show SAED images from three different locations in the top YBa,_
Cu307_, electrode. Dashed lines indicate the boundaries between a-axis and
c-axis oriented grains of the YBCO film. Note the high quality interface
between top and bottom YBCO electrodes.

flux transformer after etching a cut in the input coil, thereby
decoupling it from the pickup loop. The measured flux noise
in that case showed the same excess //f noise. This indicates
that currents circulating around the pickup loop did not con-
tribute significantly to the flux noise. We therefore assumed
that the source of the flux noise is located in the multilayer
structures. We then attempted to determine what part of the
multilayer structures (crossovers or vias) were the main cul-
prits. We fabricated a flux transformer with a square inter-
connection line that was wider than the input coil of the
transformer. In this case, only two wide crossovers in the
pickup loop are needed. The central via was thus the only
multilayer sub-structure that remained close to the SQUID
washer. The noise measurements of such a flux transformer
showed essentially the same noise behavior. We therefore
concluded that the source of the excess//f noise is most prob-
ably to be found in the interconnections (vias) between the
superconducting electrodes. We have not, however, elimi-
nated the possibility that some noise also originates from
flux motion in the top YBCO electrode.

We investigated the microstructure of the vias using
high resolution transmission electron microscopy (HR-
TEM), see Fig. 3. These measurements revealed the high
quality nature of the interfaces between the top and bottom
YBCO layers. Our CMP method is thus a promising tech-
nique for fabrication of multilayer structures in high-7,
materials.

Selected area electron diffraction (SAED) investigations
(see insets in Fig. 3) of the top electrode showed that the top
YBCO film had grains with a-orientation on the slope of the
via. The rest of the top electrode had c-orientation. The
dashed lines in Fig. 3 indicate the boundaries between
regions of different orientation. The bottom STO layer in the
insulator stack could be a possible source of nucleation for
a-oriented YBCO growth. The a-oriented YBCO grains are
known to enhance the motion of flux vortices®* and can
therefore be a possible source for increased magnetic flux
noise in our flux transformers. Removing the bottom STO
layer from the insulator stack may reduce the number of
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a-oriented grains from the top YBCO film on the via and
thus improve the noise properties of our flip-chip SQUID
magnetometers.

In conclusion, the CMP method was implemented for
fabrication of high-7,. multilayer superconducting flux trans-
formers. The advantage of using polishing is the capability
to reduce edge slope angles to just a few degrees without the
need for toxic chemicals. Furthermore, the process yields
surface-smoothness that reduces the prevalence of interlayer
short circuits, thereby increasing yield. Combined with
bicrystal high-T.. SQUID sensors, these transformers enable
at least a 3-fold gain in sensitivity when compared to stand-
ard single-layer high-T,. SQUID sensors of the same size.
The measured magnetic field sensitivity of the flip-chip
SQUID magnetometer fabricated using developed CMP pol-
ishing was 15 fT/Hz"? at 2kHz and 135 fT/Hz"? at 10 Hz.
Due to the high sensitivity, our flip-chip SQUID magneto-
meters are promising sensors with improved low frequency
noise for MEG. Furthermore, we are presently developing an
ultra-low field MRI system that includes a copper flux trans-
former and high-7. SQUID sensor technology similar to that
developed, for example, by Chen et al.® The advanced mag-
netometers developed herein are a promising technology for
improving the sensitivity of this ultra-low field MRI system
operating in the kHz frequency range.
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