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(57) Abstract: Provided are an acceleration measuring apparatus, a SQUID sensor module, and a fabrication method of the SQUID
sensor module. The acceleration measuring apparatus includes a test mass structure with a superconducting thin film on its one sur -
face and providing elasticity, a superconducting coil for measurement disposed on the substrate to be opposite to the one surface of
the test mass structure and magnetically coupled to the test mass structure, a transformer disposed on the substrate and including a
primary superconducting coil connected to the superconducting coil and a secondary superconducting coil magnetically coupled to
the primary superconducting coil, an input coil disposed on the substrate and connected to the secondary superconducting coil, and a
superconducting quantum interference device (SQUID) disposed on the substrate and magnetically coupled to the input coil.
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Description
Title of Invention: THIN FILM SUPERCONDUCTING AC-

CELERATION MEASURING APPARATUS
Technical Field

The present invention generally relates to superconducting acceleration measuring
apparatuses and, more particularly, to a superconducting acceleration measuring

apparatus for measuring small displacement using a superconducting thin film coil.

Background Art

A typical accelerometer includes a test mass suspended from a spring. When gravity
variation or acceleration variation arises, the test mass may move and measure the
amount of moving small displacement to show gravity variation or acceleration
variation.

A superconductor has zero electrical resistance, and its internal magnetic field
becomes zero. The latter is called “Meissner effect”, and the superconductor has a dia-
magnetic property that is resistant to an external magnetic field. For example, a
magnetic on a superconductor (or a superconductor on a magnet) floats in the air due

to the diamagnetic effect.
Disclosure of Invention

Technical Problem

A subject matter of the present invention is to provide an ultra-compact super-
conducting acceleration measuring apparatus for measuring small displacement by
applying a thin film superconducting coil.
Solution to Problem

An acceleration measuring apparatus according to an embodiment of the present
invention may include a test mass structure with a superconducting thin film on its one
surface and providing elasticity; a superconducting coil for measurement disposed on
the substrate to be opposite to the one surface of the test mass structure and mag-
netically coupled to the test mass structure; a transformer disposed on the substrate and
including a primary superconducting coil connected to the superconducting coil and a
secondary superconducting coil magnetically coupled to the primary superconducting
coil; an input coil disposed on the substrate and connected to the secondary super-
conducting coil; and a superconducting quantum interference device (SQUID)
disposed on the substrate and magnetically coupled to the input coil.

In an example embodiment, the test mass structure may include at least one slit as
proceeding from its central axis in a radial direction. The slit may have constant width.

An angle between a start point and an end point of the slit may be 90 degree or greater



WO 2015/037874 PCT/KR2014/008351

[7]

[8]

[9]
[10]

[11]

[12]

[13]
[14]

on the basis of the center of the test mass structure.

In an example embodiment, the test mass structure may include first to fourth slits
disposed by 90-degree rotation with respect to each other. The first slit may include a
first branch having a first radius and extending in an azimuthal direction in the first
quadrant; a second branch having a second radius greater than the first radius and
extending in the azimuthal direction in the second quadrant; and a linear branch
extending in a radius direction to connect one end of the first branch to one end of the
second branch.

In an example embodiment, the test mass structure may include a test mass disposed
at an inner side of the slit; a support disposed at an outer side of the slit; and a
membrane spring between an inner side region and an outer side region. Thickness of
the membrane spring may be greater than thickness of the test mass and thickness of
the support. The superconducting thin film may be disposed on a bottom surface of the
test mass.

In an example embodiment, the bottom surface of the test mass may be dented.

In an example embodiment, the test mass structure may include first to fourth slits
disposed by 90-degree rotation with respect to each other. The first slit may include a
first branch having a first radius and extending in an azimuthal direction in the first
quadrant; a second branch having a second radius greater than the first radius and
extending in the azimuthal direction in the second quadrant; a third branch having a
third radius greater than the second radius and extending in the azimuthal direction in
the first quadrant; and a linear branch extending in a radial direction to connect one
end of the first branch, one end of the second branch, and one end of the third branch
to each other.

In an example embodiment, the acceleration measuring apparatus may further
include a back surface superconducting thin film disposed on a bottom surface of the
substrate.

In an example embodiment, the acceleration measuring apparatus may further
include a guide ring disposed around the superconducting coil for measurement to
align the test mass and the superconducting coil for measurement.

In an example embodiment, test mass structure may include a membrane spring.

An acceleration measuring apparatus according to another embodiment of the present
invention may include a test mass structure including a test mass with a super-
conducting thin film on its bottom surface and a membrane spring providing elasticity
to the test mass, the test mass structure being formed in one body; and a super-
conducting quantum interference device (SQUID) sensor module including a super-
conducting coil for measurement, a transformer, an input coil, and a SQUID and

measuring variation of permanent current depending on displacement between the test
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mass and the superconducting coil.

In an example embodiment, the acceleration measuring apparatus further include at
least one of a superconducting case storing the test mass structure and the SQUID
sensor module; a vacuum can storing the superconducting case and filled with a helium
gas; an outer container receiving the vacuum can, the inside of the outer container
being maintained at a vacuum state; a heat transfer medium thermally contacting the
superconducting case to cool the superconducting case; and a cryocooler thermally
contacting the heat transfer medium and disposed outside the outer container.

In an example embodiment, the acceleration measuring apparatus may further
include at least one of a superconducting case storing the test mass structure and the
SQUID sensor module; a vacuum can storing the superconducting case and filled with
a helium gas; an inner container receiving the vacuum can and filled with a coolant;
and an outer container receiving the inner container and maintained at a vacuum state.

A SQUID sensor module according to an embodiment of the present invention may
include a superconducting coil for measurement disposed on a substrate and mag-
netically coupled to an external measurement target; a transformer disposed on the
substrate and including a primary superconducting coil connected to the super-
conducting coil and a secondary superconducting coil magnetically coupled to the
primary superconducting coil; an input coil disposed on the substrate and connected to
the secondary superconducting coil; and a superconducting quantum interference
device (SQUID) disposed on the substrate and magnetically coupled to the input coil.

In an example embodiment, the SQUID sensor module may further include a
permanent current injection pad disposed on an interconnection connecting the primary
superconducting coil and the superconducting coil for measurement to each other.

In an example embodiment, the SQUID sensor module may further include a first re-
sistance pattern disposed on an interconnection connecting the primary super-
conducting coil and the superconducting coil for measurement to each other; and a first
heat switch pad disposed on the first resistance pattern.

In an example embodiment, the SQUID sensor module may further include a second
resistance pattern disposed on an interconnection connecting the secondary super-
conducting coil and the input coil to each other; and a second heat switch pad disposed
on the second resistance pattern.

In an example embodiment, the SQUID sensor module may further include a first in-
terconnection disposed below the primary superconducting coil and the super-
conducting coil for measured and connected to the primary superconducting coil and
the superconducting coil for measured through a via; a second interconnection
connecting the superconducting coil for measurement and the primary superconducting

coil to each other; a third interconnection connecting the secondary superconducting
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coil and the input coil to each other; and a fourth interconnection connecting the

secondary superconducting coil and the input coil to each other through a via.
A fabrication method of a SQUID sensor according to an embodiment of the present

invention may include forming a SQUID on a substrate; forming a superconducting
coil for measurement on the substrate, the superconducting coil for measurement being
spaced apart from the SQUID and formed of a superconductor; forming a primary su-
perconducting coil of a transformer disposed on the substrate and connected to the su-
perconducting coil for measurement; forming a secondary superconducting coil of the
transformer magnetically coupled to the primary superconducting coil; and forming an
input coil magnetically coupled to the SQUID, disposed on the substrate, and
connected to the secondary superconducting coil of the transformer.

In an example embodiment, the superconducting coil for measurement and the
primary superconducting coil may be formed at the same time.

In an example embodiment, the secondary superconducting coil and the input coil
may be formed at the same time.
Advantageous Effects of Invention

According to the above-described embodiments of the present invention, an ac-
celerating measuring apparatus of a thin film superconducting coil may improve
flatness of a coil to provide more accurate acceleration measurement. In addition, an
ultra-compact integrated assembled superconducting acceleration measuring apparatus

may be implemented.

Brief Description of Drawings

The present invention will become more apparent in view of the attached drawings
and accompanying detailed description. The embodiments depicted therein are
provided by way of example, not by way of limitation, wherein like reference numerals
refer to the same or similar elements. The drawings are not necessarily to scale,
emphasis instead being placed upon illustrating aspects of the present invention.

FIG. 1 is a conceptual diagram of an acceleration measuring apparatus according to
an embodiment of the present invention.

FIGS. 2A to 2D are circuit diagrams illustrating the operation of an acceleration
measuring apparatus according to an embodiment of the present invention.

FIG. 3A is a top plan view of a test mass structure according to an embodiment of the
present invention.

FIG. 3B is a cross-sectional view taken along the line I-I' in FIG. 3A.

FIG. 3C is a cross-sectional view taken along the line II-1I' in FIG. 3A.

FIGS. 4A and 4B are cross-sectional views of a superconducting acceleration

measuring apparatus according to an embodiment of the present invention.
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FIG. 5 is a top plan view of a test mass structure according to another embodiment of

the present invention.
FIGS. 6 and 7 illustrate acceleration measuring apparatuses according to em-

bodiments of the present invention, respectively.

FIG. 8A is a top plan view of a SQUID sensor module according to an embodiment
of the present invention.

FIG. 8B is a cross-sectional view taken along the line III-IIT' in FIG. §A.

FIGS. 9Ato 90 are cross-sectional views illustrating a method of manufacturing the
SQUID sensor module shown in FIG. SA.

Mode for the Invention

The advantages and features of the present invention and methods of achieving them
will be apparent from the following exemplary embodiments that will be described in
more detail with reference to the accompanying drawings. It should be noted, however,
that the present invention is not limited to the following exemplary embodiments, and
may be implemented in various forms. Accordingly, the exemplary embodiments are
provided only to disclose the present invention and let those skilled in the art know the
category of the present invention.

In the specification, it will be understood that when an element is referred to as being
"on" another layer or substrate, it can be directly on the other element, or intervening
elements may also be present. In the drawings, thicknesses of elements are exaggerated
for clarity of illustration.

Exemplary embodiments of the invention will be described below with reference to
cross-sectional views, which are exemplary drawings of the invention. The exemplary
drawings may be modified by manufacturing techniques and/or tolerances. Ac-
cordingly, the exemplary embodiments of the invention are not limited to specific con-
figurations shown in the drawings, and include modifications based on the method of
manufacturing the semiconductor device. For example, an etched region shown at a
right angle may be formed in a rounded shape or formed to have a predetermined
curvature. Therefore, regions shown in the drawings have schematic characteristics. In
addition, the shapes of the regions shown in the drawings exemplify specific shapes of
regions in an element, and do not limit the invention. Though terms like a first, a
second, and a third are used to describe various elements in various embodiments of
the present invention, the elements are not limited to these terms. These terms are used
only to tell one element from another element. An embodiment described and ex-
emplified herein includes a complementary embodiment thereof.

The terms used in the specification are for the purpose of describing particular em-

bodiments only and are not intended to be limiting of the invention. As used in the
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specification, the singular forms "a", "an" and "the" are intended to include the plural
forms as well, unless the context clearly indicates otherwise. It will be further un-
derstood that the terms "comprises" and/or "comprising", when used in the speci-
fication, specify the presence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof.

Hereinafter, embodiments of the present invention will now be described more fully
with reference to accompanying drawings.

If current is made to flow to a superconducting coil for measurement made of a su-
perconducting conductor and a closed loop circuit is formed, electrical resistance of the
superconducting coil is zero. Therefore, permanent current flows for an infinite time.
At this point, when a test mass including a superconducting thin film adjacent to the
superconducting coil moves, an inductance of the superconducting coil varies due to
the diamagnetic effect and the flux quantization effect of a superconductor. Ac-
cordingly, superconducting permanent current varies. That is, by measuring current
variation, small displacement of the superconductor may be measured to measure
gravity variation or acceleration variation.

A superconducting accelerometer according to an embodiment of the present
invention may be formed using a semiconductor integration process. The super-
conducting accelerometer may include a test mass structure with a superconducting
thin film on its one surface and providing elasticity.

The test mass structure may include a spring manufactured using a membrane and a
test mass having a bottom formed of a superconducting thin film. A superconducting
quantum interference device (hereinafter referred to as "SQUID") sensor module may
sense current variation depending on variation of a distance between a superconducting
coil for measurement manufactured using a thin film and a test mass. The super-
conducting coil and an input coil of the SQUID sensor are magnetically coupled
through a transformer. A heat switch is disposed on a substrate to drive the super-
conducting coil and protect the SQUID sensor from overcurrent.

When acceleration of the test mass structure varies, the test mass moves. Thus, the
accelerometer measures the moving distance (small displacement).

A test mass structure may magnetically float using a superconducting phenomenon.
When the test mass structure including a superconductor moves, inductance of a super-
conducting coil disposed adjacent to the test mass structure varies. The inductance
variation changes current flowing to the superconducting coil to constantly maintain
stored energy. Thus, the current flowing to the superconducting coil varies a magnetic
field and the current or the magnetic field is converted into a voltage by a SQUID

sensor through a transformer or a converter.
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A conventional superconducting accelerometer includes a pancake coil formed by
winding a niobium wire having a diameter of 0.125 mm, a transformer, a heat switch,
and other components. These components are separately manufactured and me-
chanically combined with each other. For this reason, the conventional super-
conducting accelerometer is significantly large in volume and significantly low in
precision. Accordingly, an embodiment of the present invention proposes a test mass
structure where a test mass and a membrane spring are formed in one body. The test
mass structure may be manufactured by means of a micro-electro-mechanical systems
(MEMS) process or a semiconductor process. The pancake coil, the transformer, the
heat switch, a SQUID, and the input coil may be integrated in a body into a substrate.
Thus, an accurate accelerometer with small volume may be implemented.

An acceleration measuring apparatus according to an embodiment of the present
invention may be manufactured by means of a thin-film process.

A superconducting coil for measurement according to an embodiment of the present
invention may be in the form of a pancake coil and may be formed of a niobium (Nb)
thin film to improve coil flatness. In case of a niobium wire coil having a diameter of
0.125 mm, flatness is about half the diameter. However, according to an embodiment
of the present invention, a thin-film superconducting coil for measurement, a SQUID,
and other components may be fabricated into a single chip on the same substrate by
means of a thin-film process. Thus, coil flatness is high.

FIG. 1 is a conceptual diagram of an acceleration measuring apparatus according to
an embodiment of the present invention.

FIGS. 2A to 2D are circuit diagrams illustrating the operation of an acceleration
measuring apparatus according to an embodiment of the present invention.

Referring to FIG. 1 and FIGS. 2A to 2D, an acceleration measuring apparatus 100
includes a test mass structure 110 with a superconducting thin film 111 on its one
surface and providing elasticity, a superconducting coil for measurement 120 disposed
opposite to the one surface of the test mass structure 110 and magnetically coupled to
the test mass structure 110, a transformer 130 disposed on the substrate and including a
primary superconducting coil 131 connected to the superconducting coil 120 and a
secondary superconducting coil 132 magnetically coupled to the primary super-
conducting coil 131, an input coil 140 disposed on the substrate and connected to the
secondary superconducting coil 132, and a SQUID 150 disposed on the substrate and
magnetically coupled to the input coil 140.

The test mass structure 110 may include a test mass 114a with a superconducting thin
film 111 on its bottom surface and a membrane spring providing elasticity to the test
mass and may be formed in one body. The superconducting thin film 111 may be a

film of niobium (Nb). The test mass may be formed of an insulator or a semiconductor.
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The test mass 114a may rectilinearly move according to acceleration. Thus, a
distance “d” between the fixed superconducting coil 120 and the test mass 114a may
vary. The superconducting thin film 111 may be disposed on a bottom surface of the
test mass 114a to provide diamagnetism which repels a magnetic field established by
current flowing to the superconducting coil 120. Accordingly, the superconducting thin
film 111 may receive a repelling force caused by the Meissner effect from the super-
conducting coil 120.

The superconducting coil 120 may be made of a superconductor. The superconductor
coil 120 may be a thin-film pancake coil. The superconducting coil 120 may be
niobium (Nb). The superconducting coil 120 and the primary superconducting coil of
the transformer 130 may be connected to each other to form a closed loop. The super-
conducting coil 120 may be in a spiral form. A diameter of the superconducting coil
120 may be about 10 mm and the winding number of the superconducting coil 120
may be about 100 turns.

The transformer 130 may include a primary superconducting coil 131 and a
secondary superconducting coil 132. The primary superconducting coil 131 may be
connected to the superconducting coil 120 through a first superconducting inter-
connection. The primary superconducting coil 131 and the secondary superconducting
coil 132 may be aligned with each other with an interlayer dielectric interposed
therebetween. In addition, the secondary superconducting coil 132 may be connected
to the input coil 140 through a second superconducting interconnection. The primary
superconducting coil 131 may made of a superconductor. The secondary super-
conducting coil 132 may be made of a superconductor.

The input coil 140 may be magnetically coupled to the SQUID 150. The input coil
140 and the secondary superconducting coil 132 may be connected to each other to
form a closed loop. The input coil 140 may be made of a superconductor. A diameter
of the input coil 140 may be between about 2 mm and about 3 mm. The winding
number of the input coil 140 may be about 15 turns. The input coil 140 may be in a
spiral form.

The SQUID 150 may be magnetically coupled to the input coil 140. The SQUID 150
may be a DC SQUID or an RF SQUID. The SQUID 150 may include a Josephson
junction which may include a first superconducting layer, an insulating layer, and a
second superconducting flayer stacked in order named.

A first heat switch 162 is disposed on the first superconducting interconnection
connecting the superconducting coil 120 to the primary superconducting coil 131. A
second heat switch 164 is disposed on the second superconducting interconnection
connecting the secondary superconducting coil 132 to the input coil 140. The first heat

switch 162 may include a resistor. The resistor may be a palladium (Pd) thin film or a
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tungsten oxide (WOx) film. The second heat switch 164 may include a resistor.

When current is applied to the first heat switch 162 using an external power source
166, a resistor may provide heat and the first superconducting interconnection may be
heated at a critical temperature or higher to have resistance. That is, if an external
current source 168 is coupled between both ends of the first heat switch 162 when the
first heat switch 162 is turned on, permanent current flows along a superconducting
line having resistance of zero. To put it another way, the permanent current flows
along the current source 168, the superconducting coil 120, and the primary super-
conducting coil 131.

When the first heat switch is turned off, the resistor stops providing heat. Thus, the
first superconducting interconnection is cooled to return to a superconducting state.
Thus, the superconducting coil 120 and the primary superconducting coil 131 form a
superconducting closed circuit. For this reason, the current flowing to the super-
conducting coil 120 turns into permanent current flowing to the superconducting
closed circuit. On the other hand, current generated by the external current source 168
flows through a superconducting interconnection whose resistance changes to zero.
That is, when the first heat switch 162 is turned off, the superconducting circuit
remains in a state of allowing superconducting permanent current to flow although the
external current source 158 is removed.

When current is applied to the second heat switch 164 using an external power
source 169, the second heat switch 164 is turned on. In this case, a resistor provides
heat and heats the second superconducting interconnection. Accordingly, the
secondary superconducting coil 132 and the input coil 140 do not form a super-
conducting closed circuit. For this reason, superconducting permanent current flowing
to a superconducting closed circuit is not generated. In the turned-on state of the
second heat switch 164, a closed circuit including a secondary superconducting coil of
a transformer and an input coil has resistance. Thus, a signal generated by super-
conducting combination is not transmitted to the SQUID 150. That is, the resistance
serves to protect the SQUID 150 from overcurrent generated from the superconducting
coil 120.

While the second heat switch 164 is turned off, the secondary superconducting coil
132 and the input coil 140 form a superconducting closed coil. Variation of current
flowing to the superconducting coil 120 is transferred to the input coil 140 through the
transformer 130. Thus, input current flows to the input coil 140. The SQUID 150 may
sense flux variation caused by the input current to output a voltage signal. While the
second heat switch 164 is turned off, a test mass senses gravity (acceleration), variation
of the acceleration results in small displacement, and the small displacement varies in-

ductance. Accordingly, superconducting permanent current varies to preserve magnetic
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energy. As a result, the SQUID 150 may detect variation of the superconducting
permanent current to output a voltage signal.

When the first heat switch 162 is turned off, a superconducting closed circuit remains
in a state of allowing superconducting permanent current to flow although the external
current source 168 is removed. Permanent current injected by the external power
source 168 provides a repelling force to the test mass structure 110. Thus, the test mass
114a may be disposed at a starting point due to gravity generated by its weight and a
diamagnetic repelling force acting in a direction opposite to that of the gravity.

When equilibrium of force is maintained while a spring is stretched, a spring
gravimeter generates an error caused by nonlinearity. Thus, the superconducting thin
film 111 is disposed on a bottom surface of the test mass 114a to maintain the
equilibrium of force while the spring is not stretched. The superconducting thin film
111 generates a repelling force by diamagnetism against the permanent current. Thus,
the test mass 114a may perform an initial operation while being unstretched.

Although the external current source 168 is removed, predetermined current per-
manently flows to the superconducting closed circuit. The permanently flowing current
is called "superconducting permanent current”. The superconducting closed circuit
stores magnetic energy U, and the magnetic energy U is preserved.

MathFigure 1
[Math.1]

U=+ 17
2
In the equation (1), I0 represents superconducting permanent current flowing to the
superconducting closed circuit and L represents inductance of the superconducting coil
for measurement 120. The inductance L may be given as below.

MathFigure 2
[Math.2]

L=pg AdDI(d+D)

In the equation (2), u0 represents the permeability of the vacuum, n represents the
number of windings per unit length of the superconducting coil for measurement 120,
A represents an area of the superconducting coil 120, d represents a distance between
the superconducting coil 120 and the superconducting thin film 111 disposed on a
bottom surface of the test mass 114a, and D represents a distance between the super-
conducting coil 120 and a back surface superconducting thin film disposed on a back
surface of a substrate on which the superconducting coil 120 is disposed.

The inductance is in proportion to a distance between the superconducting thin film
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111 of the test mass 11a and the superconducting coil 120. Variation of the distance d
leads to variation of the inductance L. Since the magnetic energy is preserved, the
variation of the inductance L leads to variation of the superconducting permanent
current flowing to the superconducting coil 120.

An output of the SQUID 150 may be connected to a signal processing unit. The
signal processing unit may be disposed at a non-cooled exterior.

FIG. 3A is a top plan view of a test mass structure according to an embodiment of the
present invention.

FIG. 3B is a cross-sectional view taken along the line I-I' in FIG. 3A.

FIG. 3C is a cross-sectional view taken along the line II-1I' in FIG. 3A.

Referring to FIGS. 3A to 3C, a test mass structure 110 may include one or more slits
113a to 113d as it proceeds radially from its central axis. The slit 113a may have
constant width, and an angle between a start point of the slit 113a and an end point of
the slit 113a may be 90 degrees or greater on the basis of the center of the test mass
structure 110.

The test mass structure 110 may be in the form of a disc and include the slits 113a to
113d formed in an azimuthal direction. The slits 113a to 113d may penetrate the test
mass structure 110. A diameter of the test mass structure 110 may be between several
millimeters and several centimeters.

The test mass structure 110 may include first to fourth slits 113a to 113d disposed by
90-degree rotation with respect to each other. The first slit 113a may be disposed in a
first quadrant and a second quadrant, and the second slit 113b may be disposed in the
second quadrant and a third quadrant. The third slit 113c may be disposed in the third
quadrant and a fourth quadrant, and the fourth slit 113d may be disposed in the fourth
quadrant and the first quadrant.

The first slit 113a includes a first branch 112a having a first radius and extending in
an azimuthal direction in the first quadrant, a second branch 112b having a second
radius greater than the first radius and extending in the azimuthal direction in the
second quadrant, and a linear branch 112c extending in a radius direction to connect
one end of the first branch 112a to one end of the second branch 112b.

The test mass structure 110 may include a test mass 114a disposed at the inner side
of the slits 113a to 113d, a support 114c disposed at the outer side of the slits 113a to
113d, and a membrane spring 114b between an inner side region and an outer side
region. Thickness of the membrane spring 114b may be smaller than thickness of the
test mass 114a and thickness of the support 114c. The superconducting thin film 111
may be disposed on a bottom surface of the test mass 114a. A bottom surface of the
test mass 114a may include a dent portion 115. Alternatively, a bottom surface of the

support 114c may be protrusive. Accordingly, there may be provided a space in which
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the test mass 114a is movable.

An insulating layer 117 may be disposed between the superconducting thin film 111
and the test mass 114a. The test mass 117 may be silicon. The superconducting thin
film 111 may be made of niobium (Nb).

The membrane spring may be stretched in the Z-axis direction by gravity of the test
mass 114a. A structure of the membrane spring may be variously modified.

FIGS. 4A and 4B are cross-sectional views of a superconducting acceleration
measuring apparatus according to an embodiment of the present invention.

Referring to FIGS. 4A and 4B, an acceleration measuring apparatus may include a
test mass structure 110 and a SQUID sensor module 102. The test mass structure 110
and the SQUID sensor module 102 may be combined with each other after being
fabricated using separate components.

The test mass structure 110 may include a test mass 114a with a superconducting thin
film 111 on its bottom surface and a membrane spring 114 providing elasticity to the
test mass 114a and may be formed in one body. The test mass structure 110 may
include a test mass 114a disposed at the inner side of a slit, a support 114c disposed at
the outer side of the slit, and a membrane spring 114b between an inner side region and
an outer side region. Thickness of the membrane spring 114b may be smaller than
thickness of the test mass 114a and thickness of the support 114c, and the super-
conducting thin film 111 may be disposed on the bottom surface of the test mass 114a.
The bottom surface of the test mass 114a may be dented. Alternatively, a bottom
surface of the support 114c may be protrusive. An insulating layer 117 may be
disposed between the superconducting thin film 111 and the test mass 114a. The test
mass structure 110 may be silicon. The superconducting thin film 111 may be made of
niobium (Nb).

The SQUID sensor module 102 may include a superconducting coil for measurement
120, a transformer, an input coil, and a SQUID. The SQUID sensor module 120 may
measure variation of permanent current depending on displacement between the test
mass 114a and the superconducting coil 120. A back surface superconducting thin film
184 may be disposed below the superconducting coil 120. The superconducting coil
120, the transformer, the input coil, and the SQUID may be integrated into a substrate
182 using a semiconductor process.

A guide ruing 170 may be disposed around the superconducting coil 120 to align the
test mass structure 110. The guide ring 170 may be mounted on the superconducting
coil 120 after being manufactured separately from the superconducting coil 120. The
guide ring 170 may be made of an insulator.

For example, when acceleration of gravity increases, the test mass 114a may move in

the Z-axis direction. Inductance of the superconducting coil 120 may vary.
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FIG. 5 is a top plan view of a test mass structure according to another embodiment of
the present invention.

A test mass structure 310 may include first to fourth slits 313a to 313d disposed by
90-degree rotation with respect to each other. The first slit 313a includes a first branch
312a having a first radius and extending in an azimuthal direction in the first quadrant,
a second branch 312b having a second radius greater than the first radius and extending
in the azimuthal direction in the second quadrant, a third branch 313c having a third
radius greater than the second radius and extending in the azimuthal direction in the
first quadrant, and a linear branch 312d extending in a radial direction to connect one
end of the first branch 312a, one end of the second branch 312b, and one end of the
third branch 312c to each other.

The test mass structure 310 may include a test mass 314a disposed at the inner side
of the slits 313a to 313d, a support 314c disposed at the outer side of the slits 313a to
313d, and a membrane spring 314b between the test mass 314a and the support 314c.

FIGS. 6 and 7 illustrate acceleration measuring apparatuses according to em-
bodiments of the present invention, respectively.

Referring to FIG. 6, an acceleration measuring apparatus 100 may include a test mass
structure 110 including a test mass with a superconducting thin film on its bottom
surface and a membrane spring providing elasticity to the test mass and being formed
in one body and a SQUID sensor module 102 including a superconducting coil for
measurement, a transformer, an input coil, and a SQUID and measuring variation of
permanent current depending on displacement between the test mass and the super-
conducting coil.

A superconducting case 191 may store the test mass structure 110 and the SQUID
sensor module 102. The superconducting case 191 may be made of niobium (Nb). The
superconducting case 191 may be made of a superconducting material, e.g., niobium
(Nb) or lead (Pb). The superconducting case 191 may shield an electromagnetic noise.
Since the amount of ultrafine variation of a superconducting coil caused by gravity
variation induces current variation and the amount of ultrafine current variation is
measured, it is necessary to block a disturbance signal from an external entity. Since a
magnetic field within a superconductor must be zero, shielding may be achieved by
completely covering the superconductor with a superconducting material.

A vacuum can 192 may store the superconducting case 191. After being exhausted,
the vacuum can 192 may be filled with a helium gas. The vacuum can 192 may be
made of a superconductor.

An outer container 193 may store the vacuum can 192, and the inside of the outer
container 193 may be maintained in a vacuum state. A space between the outer

container 193 and the vacuum can 192 may be in a vacuum state and may block heat
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transfer.

A heat transfer medium 196 may thermally contact the superconducting case 191 to
cool the same. The heat transfer medium 196 may be a copper rod.

A cryocooler 194 may thermally contact the heat transfer medium 196 and may be
disposed outside the outer container 193.

Referring to FIG. 7, an acceleration measuring apparatus 100a may include a test
mass structure 110 and a SQUID sensor module 102. The test mass structure 110
includes a test mass with a superconducting thin film on its bottom surface and a
membrane spring providing elasticity to the test mass and may be formed in one body.
The SQUID sensor module 102 may include a superconducting coil for measurement,
a transformer, an input coil, and a SQUID and may measure variation of permanent
current depending on displacement between the test mass and the superconducting coil
for measurement.

A superconducting case 191 may store the test mass structure 110 and the SQUID
sensor module 102. A material of the superconducting case 191 may be niobium (Nb).
The superconducting case 191 may comprise a superconducting material.

A vacuum can 192 may receive the superconducting case 191 and may be filled with
a helium gas after being exhausted. The vacuum can 191 may be made of a super-
conductor. The vacuum can 191 may comprise a superconducting material.

An inner container 195 may receive the vacuum can 192 and may be filled with a
coolant such as liquid helium.

An outer container 193 may receive the inner container 195, and a space between the
inner container 193 and the outer container 195 may be maintained in a vacuum state.

FIG. 8A is a top plan view of a SQUID sensor module according to an embodiment
of the present invention.

FIG. 8B is a cross-sectional view taken along the line III-IIT' in FIG. §A.

Referring to FIGS. 8A and 8B, a SQUID sensor module 102 includes a super-
conducting coil for measurement 242, a transformer 250, an input coil 254, and a
SQUID 225.

The superconducting coil 242 is disposed on a substrate 212 and magnetically
coupled to an external measurement target (not shown). The transformer 250 is
disposed on the substrate 212 and includes a primary superconducting coil 244
connected to the superconducting coil 242 and a secondary superconducting coil 252
magnetically coupled to the primary superconducting coil 244. The input coil 254 is
disposed on the substrate 212 and connected to the secondary superconducting coil
252. The SQUID 225 is disposed on the substrate 212 and magnetically coupled to the
input coil 254.

The substrate 212 may include a region of superconducting coil for measurement, a
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transformer region, an input coil region, and a SQUID region. A first interconnection
223 may be disposed on the substrate 212 to connect the superconducting coil 242 and
the primary superconducting coil 244 to each other through vias 235 and 236.

The input coil region and the SQUID region may overlap each other through a
washer 222. The transformer region may include a primary superconducting coil
region, a secondary superconducting region overlapping the primary superconducting
coil region, a second interconnection region to electrically connect a primary super-
conducting coil and a superconducting coil for measurement to each other, and a third
interconnection region to electrically connect the secondary superconducting coil and
an input coil to each other.

A lower insulating layer 214 may be disposed on the substrate 212. The lower in-
sulating layer 214 may be a layer of silicon oxide or silicon nitride. The substrate 212
may be a silicon single-crystal substrate or a sapphire substrate.

The SQUID may include a pair of Josephson junctions and a washer 222. The
SQUID 225 may include a washer 222 to form a closed loop and a pair of Josephson
junctions formed on the washer 222. The Josephson junction may have a structure
including a first superconducting layer, an insulating layer, and a second super-
conducting layer stacked in the order named. The first superconducting layer of the
Josephson junction may be continuously connected to the washer 222.

A first interconnection 223 may be disposed on the same plane as the first super-
conducting layer. The interconnection 223 may connect the superconducting coil 242
and the primary superconducting coil 244 to each other through vias 235 and 236. The
first interconnection 223 and the Josephson junction may be formed at the same time
by means of an etch process. The first interconnection 223 may be a superconductor.

A first interlayer dielectric 232 may be disposed on the first interconnection 223. The
first interlayer dielectric 232 may be a layer of silicon oxide. The first interlayer di-
electric 232 may be disposed on the washer 222.

The vias 235 and 236 are formed to penetrate the first interlayer dielectric 232. The
via 236 may be disposed in the center of the primary superconducting coil 244, and the
via 235 may be disposed in the center of the superconducting coil 242. The vias 235
and 236 may be connected to each other the first interconnection 223 below the first
interlayer dielectric 232. Each of the vias 235 and 236 may be a superconductor. A top
surface of the first interlayer dielectric 232 may have a step caused by the first inter-
connection 223, but thickness of the first interconnection 223 may several micrometers
or less, i.e., the surface of the first interconnection 223 may be substantially flat.

The superconducting coil 242 may be made of a superconductor. The superconductor
coil 242 may be disposed on the first interlayer dielectric 232. The superconducting

coil 242 may be about 100 turns, and a diameter of the superconducting coil 242 may
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be about several millimeters. The superconducting coil 242 may be a pancake coil.
Preferably, the superconducting coil 242 may have a spiral shape on the same plane.

The primary superconducting coil 244 may be made of a superconductor. The
primary superconducting coil 244 may be disposed on the first interlayer dielectric
232. The primary superconducting coil 244 may be about tens of turns.

A second interconnection may be disposed on the first interlayer dielectric 232 to
connect the superconducting coil 242 and the primary superconducting coil 244 to each
other. The second interconnection may be a superconductor.

A second interlayer dielectric 246 may be disposed on the first interlayer dielectric
232 and the primary superconducting coil 244. The second interlayer dielectric 246
may not be disposed on the superconducting coil 242. In addition, the second interlayer
dielectric 246 may not be disposed on the Josephson function.

The second interlayer dielectric 246 may be disposed on a portion of the second in-
terconnection 243. Thus, a first resistance pattern 274 constituting a first heat switch
may be disposed on the second interlayer dielectric 246 on the second interconnection
243. The first resistance pattern 274 may be palladium (Pd) or tungsten oxide (WOX).
The second interlayer dielectric 246 may be a layer of silicon oxide.

First heat switch pad 282 and 283 may be disposed on the first resistance pattern 274.
Each of the first heat switch pads 282 and 283 may be gold (Au). When an external
power source is connected through the first heat switch pads 282 and 283, the first re-
sistance pattern 274 may provide heat.

The second interlayer dielectric 246 may not be disposed at a portion of the second
interconnection disposed at both sides of a first heat switch. Permanent current
injection pads 281 and 284 may be disposed at both sides of the second interconnection
243. Each of the permanent injection pads 281 and 284 may be gold (Au).

When an external current source is connected through the permanent current
injection pads 281 and 284, the external current source may inject permanent current
into the superconducting coil 242 and the primary superconducting coil 244.

A second interlayer dielectric 246 may be disposed on the primary superconducting
coil 244. Thus, the secondary superconducting coil 252 aligned with the primary super-
conducting coil 244 may be disposed on the second interlayer dielectric 246. The
winding number of the secondary superconducting coil 252 may be equal to that of the
primary superconducting coil 244. The secondary superconducting coil 252 may be
niobium (Nb).

An input coil 254 may be disposed on the second interlayer dielectric 246. A third in-
terconnection 253 may be disposed on the second interlayer dielectric 246 to connect
the input coil 254 and the secondary superconducting coil 252 to each other. The third

interconnection 253 may be a superconductor.
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The input coil 254 may be made of a superconductor and disposed on the second in-
terlayer dielectric 246. A washer 222 may be disposed in a radial direction of the input
coil 254.

A third interlayer dielectric 256 may be disposed on the secondary superconducting
coil 252, the third interconnection 253, and the input coil 254. The third interlayer di-
electric 256 may be a layer of silicon oxide. Vias 264 and 266 may be formed to
penetrate the third interlayer dielectric 256. The via 264 may be connected to the
center of the secondary superconducting coil 252, and the via 266 may be connected to
the center of the input coil 254.

A fourth interconnection 263 may be disposed on the third interlayer dielectric 256.
The fourth interconnection 263 may connect the vias 264 and 266 to each other. The
fourth interconnection 263 may be a superconductor. In addition, each of the vias 264
and 266 may be a superconductor.

A fourth interlayer dielectric 272 may be disposed on the fourth interconnection 263.
The fourth interlayer dielectric 272 may be a layer of silicon oxide. The third interlayer
dielectric 256 may be aligned with the fourth interlayer dielectric 272.

A second resistance pattern 274 may be disposed on the fourth interlayer dielectric
272. The second resistance pattern 274 may be palladium (Pd) or tungsten oxide
(WOx).

A pair of second heat switch pads 285 and 286 may be connected onto the second re-
sistance pattern 274. Each of the second heat switch pads 285 and 286 may be gold
(Au).

A back surface superconducting thin film 290 may be disposed on a back surface or a
bottom surface of the substrate 212.

A fabrication method of a SQUID sensor may include forming a SQUID 225 on a
substrate 212, forming a superconducting coil for measurement 242 on the substrate
212, the superconducting coil for measurement 242 being spaced apart from the
SQUID 225 and formed of a superconductor, forming a primary superconducting coil
244 of a transformer disposed on the substrate 212 and connected to the super-
conducting coil for measurement 242, forming a secondary superconducting coil 252
of the transformer magnetically coupled to the primary superconducting coil 244, and
forming an input coil 254 magnetically coupled to the SQUID 225, disposed on the
substrate 212, and connected to the secondary superconducting coil 252 of the
transformer. A superconducting thin film, an interlayer dielectric, a resistance pattern,
a heat switch pad, and a permanent injection pad may be formed by means of a lift-off
process. In addition, a Josephson junction, a superconducting coil for measurement, a
transformer, an input coil, and an interconnection may be formed by means of an etch

process using a photoresist as an etch mask.
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Hereinafter, a method for manufacturing a SQUID sensor module will now be
described below in detail.

FIGS. 9Ato 90 are cross-sectional views illustrating a method for manufacturing the
SQUID sensor module shown in FIG. SA.

Referring to FIG. 9A, a SQUID is formed on a substrate 212. Specifically, the
substrate 212 may be a silicon single-crystal substrate or a sapphire substrate. A lower
insulating layer 214 is formed on the substrate 212. The lower insulating layer 214
may be a layer of silicon oxide. A first superconducting layer, an insulating layer, and
a second superconducting layer may be sequentially deposited on the substrate 212
where the lower insulating layer 214 is formed. The first superconducting flayer is
formed of niobium (Nb), and the insulating layer may be formed of aluminum oxide
(Al,O3) or niobium oxide (Nb,Os). Thickness of the insulating layer may be several
millimeters or less. Thus, the first superconducting layer, the insulating layer, and the
second superconducting flayer may constitute a Josephson junction.

A photoresist pattern 11 may be formed by coating a photoresist on the substrate 212
on which the first superconducting layer, the insulating layer, and the second super-
conducting layer and performing a photolithography process.

The substrate 212 may be divided into a region of superconducting coil for mea-
surement in which a superconducting coil for measurement is disposed, a transformer
region in which a transformer is disposed, an input coil region in which an input coil is
disposed, and a SQUID region in which a SQUID is disposed. The SQUID region may
be a region in which a Josephson junction is disposed. The Josephson junction may be
magnetically coupled to the input coil through a washer. The washer may be in the
form of a rectangle, and the input coil and the washer may have an overlap region.

The photoresist pattern 11 may be disposed on the SQUID region and the washer
222. The photoresist pattern 11 may be disposed on a portion of a primary super-
conducting coil region that electrically connects the region of superconducting coil for
measurement to the primary superconducting coil of the transformer. That is, the pho-
toresist pattern 11 may expose some of the rest of the primary superconducting coil
region, a secondary superconducting coil region, and the input coil region.

The second superconducting layer, the insulating layer, and the first superconducting
layer may be successively etched using the photoresist pattern 11 as an etch mask to
form a second superconducting preliminary pattern 226a, a preliminary insulating
pattern 224a, and a first superconducting preliminary pattern 222a on the region of su-
perconducting coil for measurement. In addition, the second superconducting layer, the
insulating layer, and the first superconducting layer may be successively etched using
the photoresist pattern 11 as an etch mask to form a second superconducting pre-

liminary pattern 226a, a preliminary insulating pattern 224a, and a first preliminary su-



19

WO 2015/037874 PCT/KR2014/008351

[141]

[142]

[143]

[144]

perconducting pattern 222a on the SQUID region and a washer region. Then, the pho-
toresist pattern 11 may be removed.

Referring to FIG. 9B, a photoresist pattern 12 may be formed on the SQUID region.
The second preliminary superconducting pattern 226a and the preliminary insulating
pattern 224a may be etched using the photoresist pattern 12 as an etch mask to a pair of
Josephson junction patterns 226 and 224 in the SQUID region. The first preliminary
superconducting pattern 222a may form the washer 222 that forms a closed loop. The
washer 222 and the Josephson junction patterns 224 and 226 may constitute a
Josephson junction. In addition, a first interconnection may be formed at a portion of
the region of superconducting coil for measurement and the primary superconducting
coil region of the transformer. The first interconnection 223 may be formed of a super-
conductor. The first interconnection 223 may connect the center of the primary super-
conducting coil and the center of the superconducting coil for measurement to each
other through a via. The photoresist pattern 12 may be removed.

Referring to FIG. 9C, a photoresist pattern 13 may be formed on the substrate 212.
The photoresist pattern 212 may be formed at both ends of the first interconnection 223
and on the Josephson junction. A first interlayer dielectric 232 may be deposited on the
substrate 212 where the photoresist pattern 13 is formed. Then, the photoresist pattern
13 may be removed to form a via hole at both the ends of the first interconnection 223
and to form a hole on the Josephson junction. Then, the photoresist pattern 13 may be
removed.

Referring to FIG. 9D, a photoresist pattern 14 may be formed on the substrate 212 to
expose the region of superconducting coil for measurement and the primary super-
conducting coil region. A first superconducting thin film 234 may be deposited on the
substrate 212 where the photoresist pattern 14 is formed. The first superconducting
thin film 234 may be formed of niobium (Nb). The first superconducting thin film 234
may fill the via hole to form vias 235 and 236.

Referring to FIG. 9E, the first superconducting thin film deposited on the photoresist
pattern 14 may be removed. In addition, the photoresist pattern 14 may be removed.
Another photoresist pattern 15 may be formed on the substrate 212. The photoresist
pattern 14 may include a pattern in the form of the superconducting coil for mea-
surement and a pattern in the form of a primary superconducting coil of the
transformer. The first superconducting thin film 234 may be etched using the pho-
toresist pattern 14 as an etch mask to form a superconducting coil for measurement
242, a primary superconducting coil 244 of a transformer, and a second inter-
connection 243 connecting the superconducting coil for measurement 242 and the
primary superconducting coil 244 to each other. Then, the photoresist pattern 14 may

be removed.
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Referring to FIG. 9F, a photoresist pattern 16 may be formed on the substrate 212
where the second interconnection 243 is formed. The photoresist pattern 16 may
expose a portion of the second interconnection 243. In addition, the photoresist pattern
16 may expose the primary superconducting coil region and the input coil region of the
transformer. A second interlayer dielectric 246 may be deposited on the substrate 212
where the photoresist pattern 16 is formed. The second interlayer dielectric 246 may be
disposed on a central region of the second interconnection 243, the secondary super-
conducting coil 244, and the input coil. Then, the photoresist pattern 16 may be
removed.

Referring to FIG. 9G, another photoresist pattern 17 is formed on the substrate 212
where the second interlayer dielectric 246 is formed. The photoresist pattern 17 may
expose the secondary superconducting region and the input coil region. A second su-
perconducting thin film 248 may be deposited on the substrate 212 where the pho-
toresist pattern 17 is formed.

Referring to FIG. 9H, the photoresist pattern 17 and the second superconducting thin
film 248 deposited on the photoresist pattern 17 may be removed by means of a lift-off
process. Thus, the second superconducting thin film 248 may be disposed on the
secondary superconducting coil region and the input coil region.

Another photoresist pattern 18 may be formed on the substrate 212. The photoresist
pattern 18 may be in the form of the secondary superconducting coil and the input coil
of the transformer. The second superconducting thin film 248 may be etched using the
photoresist pattern 18 as an etch mask to a secondary superconducting coil 252, an
input coil 254, and a third interconnection 253 connecting the secondary super-
conducting coil 252 and the input coil 254 to each other. Then, the photoresist pattern
18 may be removed.

Referring to FIG. 91, another photoresist pattern 19 may be formed on the substrate
212. The photoresist pattern 19 may expose the secondary superconducting coil region
of the transformer apart from the central region of the secondary superconducting coil
252. Then, a third interlayer dielectric 256 may be deposited on the substrate 212.

Referring to FIG. 9], the photoresist pattern 19 and the third interlayer dielectric 256
deposited on the photoresist pattern 19 may be removed to form a via hole 264a in the
central region of the secondary superconducting coil 252 and form a via hole 266a in
the central region of the input coil 254. The third interlayer dielectric 256 may be
disposed on the secondary superconducting coil region and the input coil region.

Referring to FIG. 9K, another photoresist 20 may be formed on the substrate 212.
The photoresist pattern 20 may expose the secondary superconducting coil region and
the input coil region. Then, a third superconducting thin film 262 may be deposited on
the substrate 212. Thus, the via holes 264a and 266a may be filled with a super-
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conducting material to form vias 264 and 266.

Referring to FIG. 9L, the photoresist pattern 20 may be removed by means of a lift-
off process. Another photoresist pattern 21 may be formed on the substrate 212 to
achieve precise patterning. The photoresist pattern 21 may be formed to expose a
portion of the third superconducting thin film 262. The third superconducting thin film
262 may be etched using the photoresist pattern 21 as an etch mask to form a fourth in-
terconnection 263.

Referring to FIG. 9M, the photoresist pattern 21 may be removed. Another pho-
toresist pattern 22 may be formed on the substrate 212. The photoresist pattern 22 may
expose the primary superconducting coil region and the input coil region. Then, a
fourth interlayer dielectric 272 may be deposited.

Referring to FIG. 9N, the photoresist pattern 22 may be removed to expose a portion
of the superconducting coil 242 and a portion of the second interconnection 243.
Another photoresist pattern 23 may be formed on the substrate 212. The photoresist
pattern 23 may expose a portion of the second interlayer dielectric 246 disposed on the
second interconnection 243. In addition, the photoresist pattern 22 may expose a
portion of the fourth interlayer dielectric 272 disposed on the fourth interconnection
263. Then, a resistive thin film 274 may be deposited on the substrate 212. The
resistive thin film 274 may be formed of palladium (Pd).

Referring to FIG. 90, the photoresist pattern 23 may be removed to form a first re-
sistance pattern 275 on the second interlayer dielectric 246 and form a second re-
sistance pattern 276 on the fourth interlayer dielectric 272. Then, another photoresist
pattern 24 may be formed on the substrate 212. The photoresist pattern 24 may expose
a portion of both sides of the second interconnection 234 and expose both ends of the
first resistance pattern 275. Then, a conductive thin film 280 may be deposited on the
substrate 212. The conductive thin film 280 may be formed of gold (Au). Thus, first
heat switch pads 282 and 283 may be formed to be connected to both the ends of the
first resistance pattern 275, respectively. In addition, second heat switch pads 285 and
286 may be formed to be connected to both the ends of the second resistance pattern
274, respectively. In addition, permanent current injection pads 281 and 284 may be
formed to inject permanent current into both sides of the second interconnection 243.
The photoresist pattern 24 may be removed. Then, a superconducting thin film 290
may be formed on a back surface of the substrate 212.

According to the above-described embodiments of the present invention, an ac-
celerating measuring apparatus of a thin film superconducting coil may improve
flatness of a coil to provide more accurate acceleration measurement. In addition, an
ultra-compact integrated assembled superconducting acceleration measuring apparatus

may be implemented.
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Although the present invention has been described in connection with the em-
bodiment of the present invention illustrated in the accompanying drawings, it is not
limited thereto. It will be apparent to those skilled in the art that various substitutions,
modifications and changes may be made without departing from the scope and spirit of

the present invention.
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Claims

An acceleration measuring apparatus comprising:

a test mass structure with a superconducting thin film on its one surface
and providing elasticity;

a superconducting coil for measurement disposed on a substrate to be
opposite to the one surface of the test mass structure and magnetically
coupled to the test mass structure;

a transformer disposed on the substrate and including a primary super-
conducting coil connected to the superconducting coil and a secondary
superconducting coil magnetically coupled to the primary super-
conducting coil;

an input coil disposed on the substrate and connected to the secondary
superconducting coil; and

a superconducting quantum interference device (SQUID) disposed on
the substrate and magnetically coupled to the input coil.

The acceleration measuring apparatus as set forth in claim 1, wherein
the test mass structure includes at least one slit as proceeding from its
central axis in a radial direction,

wherein the slit has constant width, and

wherein an angle between a start point and an end point of the slit is 90
degree or greater on the basis of the center of the test mass structure.
The acceleration measuring apparatus as set forth in claim 2, wherein
the test mass structure includes first to fourth slits disposed by
90-degree rotation with respect to each other, and

wherein the first slit includes:

a first branch having a first radius and extending in an azimuthal
direction in the first quadrant;

a second branch having a second radius greater than the first radius and
extending in the azimuthal direction in the second quadrant; and

a linear branch extending in a radius direction to connect one end of the
first branch to one end of the second branch.

The acceleration measuring apparatus as set forth in claim 2, wherein
the test mass structure includes:

a test mass disposed at an inner side of the slit;

a support disposed at an outer side of the slit; and

a membrane spring between an inner side region and an outer side

region,
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wherein thickness of the membrane spring is less than thickness of the
test mass and thickness of the support, and

wherein the superconducting thin film is disposed on a bottom surface
of the test mass.

The acceleration measuring apparatus as set forth in claim 4, wherein
the bottom surface of the test mass is dented.

The acceleration measuring apparatus as set forth in claim 2, wherein
the test mass structure includes first to fourth slits disposed by
90-degree rotation with respect to each other, and

wherein the first slit includes:

a first branch having a first radius and extending in an azimuthal
direction in the first quadrant;

a second branch having a second radius greater than the first radius and
extending in the azimuthal direction in the second quadrant;

a third branch having a third radius greater than the second radius and
extending in the azimuthal direction in the first quadrant; and

a linear branch extending in a radial direction to connect one end of the
first branch, one end of the second branch, and one end of the third
branch to each other.

The acceleration measuring apparatus as set forth in claim 1, further
comprising:

a back surface superconducting thin film disposed on a bottom surface
of the substrate.

The acceleration measuring apparatus as set forth in claim 1, further
comprising:

a guide ring disposed around the superconducting coil for measurement
to align the test mass and the superconducting coil for measurement.
The acceleration measuring apparatus as set forth in claim 1, wherein
test mass structure includes a membrane spring.

An acceleration measuring apparatus comprising:

a test mass structure including a test mass with a superconducting thin
film on its bottom surface and a membrane spring providing elasticity
to the test mass, the test mass structure being formed in one body; and
a superconducting quantum interference device (SQUID) sensor
module including a superconducting coil for measurement, a
transformer, an input coil, and a SQUID and measuring variation of
permanent current depending on displacement between the test mass

and the superconducting coil.
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The acceleration measuring apparatus as set forth in claim 10, further
comprising at least one of:

a superconducting case storing the test mass structure and the SQUID
sensor module;

a vacuum can storing the superconducting case and filled with a helium
gas;

an outer container receiving the vacuum can, the inside of the outer
container being maintained at a vacuum state;

a heat transfer medium thermally contacting the superconducting case
to cool the superconducting case; and

a cryocooler thermally contacting the heat transfer medium and
disposed outside the outer container.

The acceleration measuring apparatus as set forth in claim 10, further
comprising at least one of:

a superconducting case storing the test mass structure and the SQUID
sensor module;

a vacuum can storing the superconducting case and filled with a helium
gas;

an inner container receiving the vacuum can and filled with a coolant;
and

an outer container receiving the inner container and maintained at a
vacuum state.

A SQUID sensor module comprising:

a superconducting coil for measurement disposed on a substrate and
magnetically coupled to an external measurement target;

a transformer disposed on the substrate and including a primary super-
conducting coil connected to the superconducting coil and a secondary
superconducting coil magnetically coupled to the primary super-
conducting coil;

an input coil disposed on the substrate and connected to the secondary
superconducting coil; and

a superconducting quantum interference device (SQUID) disposed on
the substrate and magnetically coupled to the input coil.

The SQUID sensor module as set forth in claim 13, further comprising:
a permanent current injection pad disposed on an interconnection
connecting the primary superconducting coil and the superconducting
coil for measurement to each other.

The SQUID sensor module as set forth in claim 13, further comprising:
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a first resistance pattern disposed on an interconnection connecting the
primary superconducting coil and the superconducting coil for mea-
surement to each other; and

a first heat switch pad disposed on the first resistance pattern.

The SQUID sensor module as set forth in claim 13, further comprising:
a second resistance pattern disposed on an interconnection connecting
the secondary superconducting coil and the input coil to each other; and
a second heat switch pad disposed on the second resistance pattern.
The SQUID sensor module as set forth in claim 13, further comprising:
a first interconnection disposed below the primary superconducting coil
and the superconducting coil for measured and connected to the
primary superconducting coil and the superconducting coil for
measured through a via;

a second interconnection connecting the superconducting coil for mea-
surement and the primary superconducting coil to each other;

a third interconnection connecting the secondary superconducting coil
and the input coil to each other; and

a fourth interconnection connecting the secondary superconducting coil
and the input coil to each other through a via.

A fabrication method of a SQUID sensor, comprising:

forming a SQUID on a substrate;

forming a superconducting coil for measurement on the substrate, the
superconducting coil for measurement being spaced apart from the
SQUID and formed of a superconductor;

forming a primary superconducting coil of a transformer disposed on
the substrate and connected to the superconducting coil for mea-
surement;

forming a secondary superconducting coil of the transformer mag-
netically coupled to the primary superconducting coil; and

forming an input coil magnetically coupled to the SQUID, disposed on
the substrate, and connected to the secondary superconducting coil of
the transformer.

The fabrication method as set forth in claim 18, wherein the super-
conducting coil for measurement and the primary superconducting coil
are formed at the same time.

The fabrication method as set forth in claim 18, wherein the secondary

superconducting coil and the input coil are formed at the same time.



1724

PCT/KR2014/008351

WO 2015/037874

[Fig. 1]

(@]

—~—

131 132




2/24

WO 2015/037874 PCT/KR2014/008351

[Fig. 2b]

164
140 150

169

166

(1)
o



3/24

WO 2015/037874 PCT/KR2014/008351
[Fig. 2d]
100
110
j 120 132
r————————— 7
| |
I |
| | !
| | i
: | | Cman
I | |
MW
| I s NSTY
: : \\-/I 140 150
I |
L ___
d:d0+ AX 169
166
/ﬁ

[Fig. 3a]




4124

WO 2015/037874 PCT/KR2014/008351

[Fig. 3b]

114a 114c

112¢ 117 111 115
z
]—>x
[Fig. 3c]
1)4a 114b 114c
—
112b 112¢ 117 111 115

110
114b 111 117 114a [,/ 114c

| )/
1}0 II Ig// (/l, II — 1}0

"z

PA77) 7777 V7Z77) 7777 VP777) 777 P777)




5/24

WO 2015/037874 PCT/KR2014/008351
[Fig. 4b]
/HO 114
114b 111 117 114a c
170




6/24

WO 2015/037874 PCT/KR2014/008351

[Fig. 6]

He-GAS
110
102
194 | | /
\ |
|
126 191
192 Vacuum




7124

WO 2015/037874 PCT/KR2014/008351

[Fig. 7]

i
o
b

=
o
.

o

=

/}%ﬁ'ﬁ’/
ke

e
SRR
5

oy
i
e
e

o

e

- )
’//4/%/ o

e i L
S 2 AR
B AR S

100a



8/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 8a]

N\Nm
el
Wz
\\s\\\\\\
av _ m-\
2% — % \u
\\\ \\& ~
522 G
% 777222222225
7L \\\_
14519 99¢
20k

£S¢ ¢4¢ 09¢ Eve

£¢¢ S6¢

98¢ v.¢ S8¢

474
v9c tvve 98¢ V8¢ €8¢ V¢ B¢ 18¢



9/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 8b]

1uswa Insealy
104 11069
uo16ay Bu11onpuodiadng
arnoes uolBay 109 1nduj| uoiBay Jawlojsuel| J0 uoliBay
v\mm 9¢¢ N\NN v\_m NNN omm Nmm mmm mvm
\\\Y\\N\\\Y\\ \\%\\&?\\&x\\\\\\\i\\ \\hx\\\\\ SAAIAS
[ 1 / ! Y
V7 A |7 Y A
\W
i . GE¢ cvg
7 X 7 \§\ 7 \\ P77 \ 8¢
( ( ( Z \ 4 , , m vz ove\ 28z
vGe 2l 992 m@N @mm /2 mmm bre  ¥9g\ 242 €8¢ vic
982 \ 682 9% 95¢
gv¢
2oL




10/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9a]

uoiBay
anos uoibey |10) 1nduj

[ olag-

Pl

uol1Boy lawiojsueld|

1uawe Insealy
104 1109

Bu11onpuoo Jadng
J0 uo|iBay

T

Bddc EBvdc PBOdC

T

vic

¢le Bocc Bvde ®BSdC

T 1

[ [ |
) )

\ [ [ |
) )

VSLLLTSSLS VLS IAITSTL !,
IIIIIII SIS IS SIS,

— L

IS S LS AL LSS Y

77777777777 777,




11/24

WO 2015/037874 PCT/KR2014/008351

[Fig. 9b]

225

|

N

12

222 226 224

V{// 7

214

.¥/_\

Ve 7 e 7 7 g o o Jr 77707 A




12/24

WO 2015/037874 PCT/KR2014/008351

[Fig. 9c]

W 777

13

i

V777777777

232
/

212

-

232
¢

PSS LSS LSS S S LSS LS SIS LY,

7/

7




13/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9d]

Yoz 92z 2ee vz 2le £22
|/ _.v_ﬁ\ \\V\H _ - 7 77, \\\\ LSS AAA LSS SAL S S S AP AS TS S A, \&_

x \\\w\\\w\\\\\\w&\\\
T 9€2 22 e Gez

|

cte

(

14




14/24

WO 2015/037874 PCT/KR2014/008351
[Fig. 9¢]
N ~
N N
©
——CQJ
N (&N}
N —&
N, N
N
T]
-—\q-
I gl BN
(&N}
-_/‘K

236
244

243

A A A A Ao S A S Ao S Ao A A A S A A A A A Ao AT )

242 235




15/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9f]

v¢d 9¢¢ <¢dc

4%

¢le

Ece c€e

]
Y

ov¢

vvc

9l

Gtc ¢ve




16/24

PCT/KR2014/008351

WO 2015/037874

vé¢ 9¢¢  ¢dc

1477 ¢le Eoc

434

[Fig. 9g]

Ll

(

Ll

,

174

\

74

Vo

Gtc cve




17/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9h]

vNN @NN NNN

1414 ¢le mmm wa mvm

</

) ///

_\\\tV\ \\.\\_

4°14

=~

SSS LSS ATII Y. \\ 7. \\T

8L Sb¢ €S9¢ 144 9€¢ ¢4e or¢

S ITANA



18/24

PCT/KR2014/008351

WO 2015/037874

¥¢c 9¢C  <dac vl AR £cc cec  Eve

] [\ [ [ ]

. A S G ¢

124 9%¢ 9v¢ €4¢ vve 9g¢ ¢Se

A Lo

6l 0¢ ¢ 6l ¢ dve

[Fig. 9i]



19/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9i]

vcc 9¢¢ <de

|

1474

¢le

£ce ¢€d  €ve

AN

1214

9%¢

B99¢

9%¢

9r¢

£5¢

vre B¥9¢ 9t¢ ¢9¢ 9G¢

L L Ty 7 L 7 L By e 7 P 7 T ]

\
\
)




PCT/KR2014/008351

20/24

WO 2015/037874

¥é¢ 9cc  ¢dc vie ¢le ece (A A) 7

] [ [ [ |

YA A A, \\V\ A, 7/, 7
CC (0 (VT
9G¢ 99¢ <¢9¢ 9S¢ 9t¢ £Ge e tv9¢ 98¢ ¢S¢
0¢ VAT 9g¢ ov¢ 0¢ [ YA

[Fig. 9k]



21724

PCT/KR2014/008351

WO 2015/037874

vee 92¢  eee vie  ¢le XA YA 7
/77 77 \\.\\L . /7SI A7 \\\\ 77 % 7. \/«\ rrrre 7

Le 1274 99¢ €9¢ 9S¢ ove Le €S2 vve ¥9¢ 9€¢ ¢G< 95¢ ove Lg Ggc cve

[Fig. 91]



22/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 9m]

vge 9¢¢ ¢ce 4% e YA A A
ﬁ//\¥ hJ ﬂJ f A/J A// A//
Yz ) 7/ \\\\\H . |77 7 \\‘ /s \\\Q\ \v\\\ 7SS,

1

/ \

/A A S

/1

L

¥S¢  c¢le
4

99¢

( (]

£9¢ 09¢ 9r¢

A

£S¢

\

£\

\

Vo v9Z 962 25C | \ ( |

95¢ ove 4 I AN A




23724

PCT/KR2014/008351

WO 2015/037874

[Fig. 9n]

véc 9¢¢  ¢cc vle cle gce AR 74

9ve vic

éé vS¢  ¢la 99¢ €9¢ 9G¢ v/¢ 9vcC EG¢ vre v9C 96€ ¢Y9C 99¢ €¢ £¢ GEC¢ ¢cve




24/24

PCT/KR2014/008351

WO 2015/037874

[Fig. 90]

voe 9¢¢  <¢cc

|

4% cle Ecc ¢te  Eve

IR

] \
[7//7 LTV 7 T L7 7R 77T TT 7777777777 77777

T

(

ve

,

¥&e

,

¢lc

R T T L U T T R A

99¢ BC9C 94¢ 9.¢ 9¥¢ 08¢ 8¥C vpC V9¢ 9€¢ 2S¢ 99¢ 9ve Gi¢

(

ve

Lo

S




INTERNATIONAL SEARCH REPORT International application No.
PCT/KR2014/008351

A. CLASSIFICATION OF SUBJECT MATTER
GO1P 15/00(2006.01)i

According to International Patent Classification (IPC) or to both national classification and [PC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GO1P 15/00; GO1P 15/18; GO1P 15/11; GO1P 15/08; GO1P 15/105; GO1B 7/24, GO1V 7/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: , ,

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
X US 7305879 B2 (MOODY, M.V. et al.) 11 December 2007 1,7-13,18-20
See abstract, column 10, line 5 — column 12, line 61 and figures 4, 5.
A 2-6,14-17
A JP 2001-108705 A (NATL AEROSPACE LAB) 20 April 2001 1-20

See abstract

A US 05412988 A (NEFF, H. et al.) 09 May 1995 1-20
See abstract

|:| Further documents are listed in the continuation of Box C. See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
30 October 2014 (30.10.2014) 30 October 2014 (30.10.2014)
Name and mailing address of the ISA/KR Authorized officer I
International Application Division *&\\\\\E §:\\\:S\\\ ‘\\\\\.\
g Korean Intellectual Property Office » » KIM, Chang Ju § A S\§\3 Sy
189 Chgongsa—ro, Seo-gu, Dagjeon Metropolitan City, 302-701, ’ ‘\ N Y. 3
= 4§ Republic of Korea \ A §
Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-5676 e

Form PCT/ISA/210 (second sheet) (July 2009




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/KR2014/008351
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 7305879 B2 11/12/2007 US 2006-207326 Al 21/09/2006
JP 2001-108705 A 20/04/2001 JP 3306508 B2 24/07/2002
US 05412988 A 09/05/1995 GB 2270386 A 09/03/1994

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - wo-search-report
	Page 53 - wo-search-report

