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7) ABSTRACT

According to one embodiment, a strain sensing element is
provided on a film unit configured to be deformed. The strain
sensing element includes a functional layer, a first magnetic
layer, a second magnetic layer, and a spacer layer. The
functional layer includes at least one of an oxide and a
nitride. The second magnetic layer is provided between the
functional layer and the first magnetic layer. A magnetiza-
tion of the second magnetic layer is variable in accordance
with a deformation of the film unit. The spacer layer is
provided between the first magnetic layer and the second
magnetic layer. At least a part of the second magnetic layer
is amorphous and includes boron.
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STRAIN SENSING ELEMENT, PRESSURE
SENSOR, MICROPHONE, BLOOD
PRESSURE SENSOR, AND TOUCH PANEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a division of U.S. application
Ser. No. 14/471,694, filed Aug. 28, 2014 and is based upon
and claims the benefit of priority from Japanese Patent
Application No. 2013-196049, filed on Sep. 20, 2013; the
entire contents of which are incorporated herein by refer-
ence.

FIELD

[0002] Embodiments described herein relate generally to a
strain sensing element, a pressure sensor, a microphone, a
blood pressure sensor, and a touch panel.

BACKGROUND

[0003] For pressure sensors using MEMS (micro electro
mechanical systems) technology, there are a piezoresistance
change type and an electrostatic capacitance type, for
example. On the other hand, a pressure sensor using spin-
electronics technology is proposed. In the pressure sensor
using spin-electronics technology, a resistance change in
accordance with strain is sensed. It is desired for strain
sensing devices used for pressure sensors etc. to improve
sensitivity, for example.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] FIG.1 Aand FIG. 1B are schematic views showing
a strain sensing element according to a first embodiment;
[0005] FIG. 2A to FIG. 2C are schematic views showing
operations of the strain sensing element according to the first
embodiment;

[0006] FIG. 3 is a schematic perspective view showing a
strain sensing element according to the first embodiment;
[0007] FIG. 4A and FIG. 4B are graphs showing charac-
teristics of a strain sensing element;

[0008] FIG. 5A and FIG. 5B are graphs showing charac-
teristics of a strain sensing element;

[0009] FIG. 6A and FIG. 6B are graphs showing charac-
teristics of strain sensing elements;

[0010] FIG. 7Ato FIG. 7D are microscope images show-
ing characteristics of a strain sensing element;

[0011] FIG. 8A to FIG. 8D are microscope images show-
ing characteristics of a strain sensing element;

[0012] FIG. 9A and FIG. 9B, are schematic diagrams
showing characteristics of strain sensing elements;

[0013] FIG. 10A and FIG. 10B are schematic diagrams
showing characteristics of strain sensing elements;

[0014] FIG. 11A and FIG. 11B are graphs showing char-
acteristics of strain sensing elements;

[0015] FIG. 12A and FIG. 12B are graphs showing char-
acteristics of strain sensing elements;

[0016] FIG. 13 is a schematic diagram showing charac-
teristics of strain sensing elements;

[0017] FIG. 14 is a schematic diagram showing the strain
sensing element according to the first embodiment;

[0018] FIG. 15 is a microscope photographic image show-
ing characteristics of a strain sensing element;

[0019] FIG. 16A and FIG. 16B are schematic diagrams
showing characteristics of the strain sensing element;
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[0020] FIG. 17Ato FIG. 17E are schematic views showing
other strain sensing elements according to the first embodi-
ment;

[0021] FIG. 18A to FIG. 18C are schematic diagrams
showing other strain sensing elements according to the first
embodiment;

[0022] FIG. 19 is a schematic perspective view showing
another strain sensing element according to the first embodi-
ment;

[0023] FIG. 20 is a schematic perspective view showing
another strain sensing element according to the first embodi-
ment;

[0024] FIG. 21 is a schematic perspective view showing
another strain sensing element according to the first embodi-
ment;

[0025] FIG. 22 is a schematic perspective view showing
another strain sensing element according to the first embodi-
ment;

[0026] FIG. 23 is a schematic perspective view showing
another strain sensing element according to the first embodi-
ment;

[0027] FIG. 24 is a schematic cross-sectional view show-
ing a strain sensing element according to a second embodi-
ment;

[0028] FIG. 25A and FIG. 25B are schematic perspective
views showing a pressure sensor according to a third
embodiment;

[0029] FIG. 26A to FIG. 26C are schematic diagrams
showing pressure sensors according to the embodiment. The
drawings show examples of the connection state of a plu-
rality of sensing elements;

[0030] FIG. 27Ato FIG. 27E are schematic cross-sectional
views in order of the steps, showing a method for manu-
facturing a pressure sensor according to the embodiment;
[0031] FIG. 28A to FIG. 28C are schematic diagrams
showing a pressure sensor according to the embodiment;
[0032] FIG. 29A and FIG. 29B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0033] FIG. 30A and FIG. 30B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0034] FIG. 31A and FIG. 31B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0035] FIG. 32A and FIG. 32B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0036] FIG. 33A and FIG. 33B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0037] FIG. 34A and FIG. 34B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0038] FIG. 35A and FIG. 35B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0039] FIG. 36 A and FIG. 36B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0040] FIG. 37A and FIG. 37B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;
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[0041] FIG. 38A and FIG. 38B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0042] FIG. 39A and FIG. 39B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0043] FIG. 40A and FIG. 40B are schematic views show-
ing a method for manufacturing a pressure sensor according
to the embodiment;

[0044] FIG. 41 is a schematic cross-sectional view show-
ing a microphone according to a fourth embodiment;
[0045] FIG. 42A and FIG. 42B are schematic views show-
ing a blood pressure sensor according to a fifth embodiment;
and

[0046] FIG. 43 is a schematic diagram showing a touch
panel according to a sixth embodiment.

DETAILED DESCRIPTION

[0047] According to one embodiment, a strain sensing
element is provided on a film unit configured to be
deformed. The strain sensing element includes a functional
layer, a first magnetic layer, a second magnetic layer, and a
spacer layer. The functional layer includes at least one of an
oxide and a nitride. The second magnetic layer is provided
between the functional layer and the first magnetic layer. A
magnetization of the second magnetic layer is variable in
accordance with a deformation of the film unit. The spacer
layer is provided between the first magnetic layer and the
second magnetic layer. At least a part ofthe second magnetic
layer is amorphous and includes boron.

[0048] According to one embodiment, a pressure sensor
includes a strain sensing element and a film unit. The strain
sensing element is provided on the film unit configured to be
deformed. The strain sensing element includes a functional
layer including at least one of an oxide and a nitride, a first
magnetic layer, a second magnetic layer provided between
the functional layer and the first magnetic layer, a magne-
tization of the second magnetic layer being variable in
accordance with a deformation of the film unit, and a spacer
layer provided between the first magnetic layer and the
second magnetic layer. At least a part of the second magnetic
layer is amorphous and includes boron.

[0049] According to one embodiment, a microphone com-
prising a pressure sensor. The pressure sensor includes a
strain sensing element and a film unit. The strain sensing
element is provided on the film unit configured to be
deformed. The strain sensing element includes a functional
layer including at least one of an oxide and a nitride, a first
magnetic layer, a second magnetic layer provided between
the functional layer and the first magnetic layer, a magne-
tization of the second magnetic layer being variable in
accordance with a deformation of the film unit, and a spacer
layer provided between the first magnetic layer and the
second magnetic layer. At least a part of the second magnetic
layer is amorphous and includes boron.

[0050] According to one embodiment, a blood pressure
sensor includes a pressure sensor. The pressure sensor
includes a strain sensing element and a film unit. The strain
sensing element is provided on the film unit configured to be
deformed. The strain sensing element includes a functional
layer including at least one of an oxide and a nitride, a first
magnetic layer, a second magnetic layer provided between
the functional layer and the first magnetic layer, a magne-
tization of the second magnetic layer being variable in
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accordance with a deformation of the film unit, and a spacer
layer provided between the first magnetic layer and the
second magnetic layer. At least a part of the second magnetic
layer is amorphous and includes boron.

[0051] According to one embodiment, a touch panel
includes a pressure sensor. The pressure sensor includes a
strain sensing element and a film unit. The strain sensing
element is provided on the film unit configured to be
deformed. The strain sensing element includes a functional
layer including at least one of an oxide and a nitride, a first
magnetic layer, a second magnetic layer provided between
the functional layer and the first magnetic layer, a magne-
tization of the second magnetic layer being variable in
accordance with a deformation of the film unit, and a spacer
layer provided between the first magnetic layer and the
second magnetic layer. At least a part of the second magnetic
layer is amorphous and includes boron.

[0052] Various embodiments will be described hereinafter
with reference to the accompanying drawings.

[0053] The drawings are schematic or conceptual; and the
relationships between the thickness and width of portions,
the proportions of sizes among portions, etc. are not neces-
sarily the same as the actual values thereof. Further, the
dimensions and proportions may be illustrated differently
among drawings, even for identical portions.

[0054] In the specification of this application and the
drawings, components similar to those described in regard to
a drawing thereinabove are marked with the same reference
numerals, and a detailed description is omitted as appropri-
ate.

First Embodiment

[0055] FIG. 1A and FIG. 1B are schematic views illus-
trating a strain sensing element according to a first embodi-
ment.

[0056] FIG. 1A is a schematic perspective view of the
strain sensing element, and FIG. 1B is a schematic cross-
sectional view illustrating a pressure sensor in which the
strain sensing element is used.

[0057] As shown in FIG. 1A, a strain sensing element 50
according to the embodiment includes a functional layer 25,
a first magnetic layer 10, a second magnetic layer 20, and a
spacer layer 30.

[0058] For the functional layer 25, at least one of an oxide
and a nitride is used, for example. The functional layer 25
includes at least one of an oxide of at least one selected from
a first group consisting of magnesium (Mg), aluminum (Al),
silicon (Si), titanium (T1), vanadium (V), chromium (Cr),
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper
(Cu), zinc (Zn), zirconium (Zr), niobium (Nb), molybdenum
(Mo), ruthenium (Ru), rhodium (Rh), palladium (Pd), silver
(Ag), hafnium (Hf), tantalum (Ta), tungsten (W), tin (Sn),
cadmium (Cd), and gallium (Ga) and a nitride of at least one
selected from the first group, for example.

[0059] The functional layer 25 may include an oxide of at
least one selected from a second group consisting of mag-
nesium, titanium, vanadium, zinc, tin, cadmium, and gal-
lium, for example. Magnesium oxide is used for the func-
tional layer 25, for example.

[0060] The second magnetic layer 20 is provided between
the functional layer 25 and the first magnetic layer 10. The
second magnetic layer 20 includes an amorphous portion.
The second magnetic layer 20 includes boron (B). The
magnetization of the second magnetic layer 20 (the direction
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thereof) is variable. The magnetization of the second mag-
netic layer 20 changes in accordance with the strain applied
to the second magnetic layer 20. The second magnetic layer
20 has an amorphous structure, for example. As described
later, the second magnetic layer 20 may include an amor-
phous portion and a crystalline portion. That is, at least part
of the second magnetic layer 20 is amorphous.

[0061] The spacer layer 30 is provided between the first
magnetic layer 10 and the second magnetic layer 20.

[0062] The second magnetic layer 20 is a magnetization
free layer, for example. The first magnetic layer 10 is a
reference layer, for example. A magnetization pinned layer
or a magnetization free layer is used as the reference layer.
The change in magnetization of the second magnetic layer
20 is easier than the change in magnetization of the first
magnetic layer 10, for example. When a stress is applied to
the strain sensing element 50 and the strain sensing element
50 is provided with a strain, the relative angle between the
magnetization of the first magnetic layer 10 and the mag-
netization of the second magnetic layer 10 is changed.

[0063] The direction from the first magnetic layer 10
toward the second magnetic layer 20 is defined as the Z-axis
direction (the stacking direction), for example. One direction
perpendicular to the Z-axis direction is defined as the X-axis
direction. The direction perpendicular to the Z-axis direction
and the X-axis direction is defined as the Y-axis direction.

[0064] In this example, a first electrode E1 and a second
electrode E2 are further provided. The first magnetic layer
10 is provided between the first electrode E1 and the second
electrode E2. The spacer layer 30 is provided between the
first magnetic layer 10 and the second electrode E2. The
second magnetic layer 20 is provided between the spacer
layer 30 and the second electrode E2. The functional layer
25 is provided between the second magnetic layer 20 and the
second electrode E2. In this example, the second magnetic
layer 20 is in contact with the functional layer 25.

[0065] By applying a voltage between the first electrode
El and the second electrode E2, a current can be passed
through a stacked body 10s including the first magnetic layer
10, the spacer layer 30, the second magnetic layer 20, and
the functional layer 25. The current runs along the Z-axis
direction between the first magnetic layer 10 and the second
magnetic layer 20, for example.

[0066] As shown in FIG. 2B, the strain sensing element 50
is used for a pressure sensor 110. The pressure sensor 110
includes a film unit 70 and the strain sensing element 50. The
film unit 70 has a flexible region. The film unit 70 can be
deformed. The strain sensing element 50 is fixed to the film
unit 70. In the specification of this application, the state of
being fixed includes the state of being directly fixed and the
state of being indirectly fixed by another component. The
state where the sensing element 50 is fixed to the film unit
70 includes a state where the relative positions between the
sensing element 50 and the film unit 70 are fixed, for
example. The strain sensing element 50 is provided on part
of the film unit 70, for example.

[0067] In the specification of this application, the state of
being “provided on” includes not only the state of being
provided in direct contact but also the state of being pro-
vided via another component.

[0068] When a force 79 is applied to the film unit 70, the
film unit 70 is deformed. A strain is generated in the strain
sensing element 50 in conjunction with the deformation. The
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magnetization of the second magnetic layer 20 changes in
accordance with the deformation of the film unit, for
example.

[0069] In the strain sensing element 50 according to the
embodiment, a strain is generated in the strain sensing
element 50 when the film unit 70 is deformed by a force
from the outside, for example. The strain sensing element 50
converts the change in strain to a change in electric resis-
tance.

[0070] The operation in which the strain sensing element
50 functions as a strain sensor is based on application of
“inverse magnetostriction effect” and “magnetoresistance
effect.” The “inverse magnetostriction effect” is obtained in
a ferromagnetic layer used as a magnetization free layer. The
“magnetoresistance effect” is exhibited in a stacked film of
a magnetization free layer, a spacer layer, and a reference
layer (for example, a magnetization pinned layer).

[0071] The “inverse magnetostriction effect” is a phenom-
enon in which the magnetization of a ferromagnetic material
is changed by a strain generated in the ferromagnetic mate-
rial. That is, when an external strain is applied to the stacked
body 10s of the strain sensing element 50, the magnetization
direction of the magnetization free layer is changed. Con-
sequently, the relative angle between the magnetization of
the magnetization free layer and the magnetization of the
reference layer (for example, a magnetization pinned layer)
is changed. At this time, a change in electric resistance is
caused by the “magnetoresistance effect (MR effect).” The
MR effect includes GMR (giant magnetoresistance) effect,
TMR (tunneling magnetoresistance) effect, or the like, for
example. The MR effect is exhibited by passing a current
through the stacked body 10s to read the change in relative
angle between the directions of the magnetizations as an
electric resistance change. A strain is generated in the
stacked body 10s (the strain sensing element 50), the direc-
tion of the magnetization of the magnetization free layer is
changed by the strain, and the relative angle between the
direction of the magnetization of the magnetization free
layer and the direction of the magnetization of the reference
layer (for example, a magnetization pinned layer) is
changed, for example. That is, the MR effect appears due to
the inverse magnetostriction effect.

[0072] When the ferromagnetic material used for the mag-
netization free layer has a positive magnetostriction con-
stant, the direction of the magnetization changes so that the
angle between the direction of the magnetization and the
direction of a tensile strain becomes smaller and the angle
between the direction of the magnetization and the direction
of a compressive strain becomes larger. When the ferromag-
netic material used for the magnetization free layer has a
negative magnetostriction constant, the direction of the
magnetization changes so that the angle between the direc-
tion of the magnetization and the direction of a tensile strain
becomes larger and the angle between the direction of the
magnetization and the direction of a compressive strain
becomes smaller.

[0073] When the combination of the materials of the
stacked body of the magnetization free layer, the spacer
layer, and the reference layer (for example, a magnetization
pinned layer) has a positive magnetoresistance effect, the
electric resistance decreases as the relative angle between
the magnetization free layer and the magnetization pinned
layer decreases. When the combination of the materials of
the stacked body of the magnetization free layer, the spacer
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layer, and the magnetization pinned layer has a negative
magnetoresistance effect, the electric resistance increases as
the relative angle between the magnetization free layer and
the magnetization pinned layer decreases.

[0074] Examples of the change in magnetization will now
be described using an example in which the ferromagnetic
materials used for the magnetization free layer has a positive
magnetostriction constant, and the stacked body including
the magnetization free layer, the spacer layer, and the
reference layer (for example, a magnetization pinned layer)
has a positive magnetoresistance effect.

[0075] FIG.2Ato FIG. 2C are schematic views illustrating
operations of the strain sensing element according to the first
embodiment.

[0076] FIG. 2A corresponds to a state where a tensile
stress is is applied to the strain sensing element 50 (a tensile
state STt). FIG. 2B corresponds to a state where the strain
sensing element 50 has no strain (a no-strain state ST0). FIG.
2C corresponds to a state where a compressive stress cs is
applied to the strain sensing element 50 (a compressive state
STe).

[0077] Inthe drawings, for easier viewing of the drawings,
the first magnetic layer 10, the second magnetic layer 20,
and the spacer layer 30 are depicted, and the functional layer
25 is omitted. In this example, the second magnetic layer 20
is a magnetization free layer, and the first magnetic layer 10
is a magnetization pinned layer.

[0078] As shown in FIG. 2B, in the no-strain state ST0
where there is no strain (for example, the initial state), the
relative angle between the magnetization 20m of the second
magnetic layer 20 and the magnetization 10m of the first
magnetic layer 10 (for example, a magnetization pinned
layer) is set to a prescribed value. The direction of the
magnetization of the magnetic layer in the initial state is set
by a hard bias, the shape anisotropy of the magnetic layer,
or others, for example. In this example, the magnetization
20m of the second magnetic layer 20 (a magnetization free
layer) and the magnetization 10m of the first magnetic layer
10 (for example, a magnetization pinned layer) cross each
other.

[0079] As shown in FIG. 2A, in the tensile state STt, when
a tensile stress ts is applied, a strain in accordance with the
tensile stress ts is generated in the strain sensing element 50.
At this time, the magnetization 20m of the second magnetic
layer 20 (a magnetization free layer) changes from the
no-strain state STO so that the angle between the magneti-
zation 20m and the direction of the tensile stress ts becomes
smaller. In the example shown in FIG. 2A, when a tensile
stress ts is applied, the relative angle between the magneti-
zation 20m of the second magnetic layer 20 (a magnetization
free layer) and the magnetization 10m of the first magnetic
layer 10 (for example, a magnetization pinned layer) is
decreased as compared to the no-strain state ST0. Thereby,
the electric resistance in the strain sensing element 50 is
decreased as compared to the electric resistance in the
no-strain state STO.

[0080] As shown in FIG. 2C, in the compressive state STc,
when a compressive stress cs is applied, the magnetization
20m of the second magnetic layer 20 (a magnetization free
layer) changes from the no-strain state ST0 so that the angle
between the magnetization 20m and the direction of the
compressive stress ¢s becomes larger. In the example shown
in FIG. 2C, when a compressive stress cs is applied, the
relative angle between the magnetization 20m of the second
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magnetic layer 20 (a magnetization free layer) and the
magnetization 10m of the first magnetic layer 10 (for
example, a magnetization pinned layer) is increased as
compared to the no-strain state ST0. Thereby, the electric
resistance in the strain sensing element 50 is increased.
[0081] Thus, in the strain sensing element 50, the change
in strain generated in the strain sensing element 50 is
converted to a change in electric resistance. In the operations
mentioned above, the amount of change in electric resistance
(dR/R) per unit strain (dE) is referred to as a gauge factor
(GF). By using a strain sensing element with a high gauge
factor, a high-sensitivity strain sensor is obtained.

[0082] Examples of the strain sensing element 50 will now
be described.
[0083] Inthe following, the description of “material A/ma-

terial B” refers to the state where a layer of material B is
provided on a layer of material A.

[0084] FIG. 3 is a schematic perspective view illustrating
a strain sensing element according to the first embodiment.
[0085] As shown in FIG. 3, a strain sensing element 51
used in the embodiment includes the first electrode E1, an
underlayer 10/, a pinning layer 10p, the first magnetic layer
10, the spacer layer 30, the second magnetic layer 20, the
functional layer 25, and a cap layer 26¢. The underlayer 10/
is provided between the first electrode E1 and the first
magnetic layer 10. The pinning layer 10p is provided
between the underlayer 10/ and the first magnetic layer 10.
The cap layer 26¢ is provided between the second magnetic
layer 20 and the second electrode E2. In this example, the
first magnetic layer 10 includes a first magnetization pinned
layer 10a, a second magnetization pinned layer 105, and a
magnetic coupling layer 10¢. The first magnetization pinned
layer 10a is provided between the second magnetization
pinned layer 105 and the spacer layer 30. The magnetic
coupling layer 10c¢ is provided between the second magne-
tization pinned layer 105 and the first magnetization pinned
layer 10a.

[0086] As the underlayer 10/, Ta/Ru is used, for example.
The thickness (the length in the Z-axis direction) of the Ta
layer is 3 nanometers (nm), for example. The thickness of
the Ru layer is 2 nm, for example.

[0087] As the pinning layer 10p, an IrMn layer with a
thickness of 7 nm is used, for example.

[0088] As the second magnetization pinned layer 105, a
Co,sFe,s layer with a thickness of 2.5 nm is used, for
example.

[0089] As the magnetic coupling layer 10¢, a Ru layer
with a thickness of 0.9 nm is used, for example.

[0090] As the first magnetization pinned layer 10a, a
Co,Fe,,B,, layer with a thickness of 3 nm is used, for
example.

[0091] As the spacer layer 30, a Mg—O layer with a
thickness of 1.6 nm is used, for example.

[0092] As the second magnetic layer 20, Co,Fe, B, with
a thickness of 4 nm is used, for example.

[0093] As the functional layer 25, a Mg—O layer with a
thickness of 1.5 nm is used, for example.

[0094] As the cap layer 26¢, Ta/Ru is used, for example.
The thickness of the Ta layer is 1 nm, for example. The
thickness of the Ru layer is 5 nm, for example.

[0095] As the first electrode E1 and the second electrode
E2, a metal is used, for example.

[0096] Characteristics of the strain sensing element
according to the embodiment will now be described.



US 2018/0116535 Al

[0097] The material and thickness of the layers included in
a first sample S01 are as follows:

[0098] The underlayer 10/: Ta (1 nm)/Ru (2 nm)
[0099] The pinning layer 10p: Ir,,Mn.¢ (7 nm)
[0100] The second magnetization pinned layer 102:

Co,sFe,s (2.5 nm)
[0101] The magnetic coupling layer 10¢: Ru (0.9 nm)

[0102] The first magnetization pinned layer 10a:
CoolFe B, (3 nm)

[0103] The spacer layer 30: Mg—O (1.6 nm)

[0104] The second magnetic layer 20: Co,Fe, B, (4 nm)
[0105] The functional layer 25: Mg—O (1.5 nm)

[0106] The cap layer 26¢: Cu (1 nm)/Ta (20 nm)/Ru (50
nm)

[0107] On the other hand, in a second sample S02, the

functional layer 25 is not provided. Otherwise, the configu-
ration of the second sample S02 is the same as the first
sample S01.

[0108] As mentioned above, in the first sample SO01, a
Co, Fe, B, layer with a thickness of 4 nm is used as the
second magnetic layer 20. A Mg—O layer with a thickness
of 1.5 nm is used as the functional layer 25. On the other
hand, in the second sample S02, the functional layer 25 is
not provided.

[0109] The Mg—O layers used as the spacer layer 30 and
the functional layer 25 are formed by forming a Mg layer
with a thickness of 1.6 nm and then performing surface
oxidation using IAO (ion beam-assisted oxidation) process-
ing. The oxidation conditions in the fabrication of the
Mg—O layer for the functional layer 25 are weaker than the
oxidation conditions in the fabrication of the Mg—O layer
for the spacer laver 30, for example. The resistance-area
product (RA) of the Mg—O layer for the functional layer 25
1s lower than the resistance-area product (RA) of the Mg—O
layer for the spacer layer 30. When the resistance-area
product (RA) of the Mg—O layer for the functional layer 25
is higher than the resistance-area product (RA) of the
Mg—O layer for the spacer layer 30, the parasitic resistance
is increased due to the functional layer 25, the MR ratio is
reduced, and the gauge factor is decreased. By setting the
resistance-area product (RA) of the Mg—O layer for the
functional layer 25 lower than the resistance-area product
(RA) of the Mg—O layer for the spacer layer 30, the
parasitic resistance can be reduced, a high MR ratio is
obtained, and a high gauge factor is obtained.

[0110] The stacked film mentioned above is formed on the
first electrode F1, and the second electrode E2 is formed on
the stacked film. The stacked film mentioned above (the first
sample S01 and the second sample S02) is processed into a
dot-like element. The element size of the stacked film
(sample) is 20 umx20 pm. The vertical current passage
characteristics between the first electrode E1 and the second
electrode E2 are investigated.

[0111] The strain sensor characteristics of the samples
mentioned above are investigated by the substrate bending
method. In this method, a substrate (wafer) on which the
sample is formed is cut into a rectangular shape, and the four
point bending method with knife edges is used to apply a
stress to the wafer to form a strain in the wafer. A load cell
is incorporated in the knife edge that bends the rectangular
wafer. The strain applied to the sample (the strain sensing
element) on the wafer is found by the load measured by the
load cell.
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[0112] Formula 1 below regarding two side support beams
is used for the calculation of the strain.

e==3(L,~L,)G/2We,)

[0113] InFormula 1 above, “e,” is the Young’s modulus of
the wafer. “L;” is the inter-edge length of the outer knife
edges. “L,” is the inter-edge length of the inner knife edges.
“W” is the width of the rectangular wafer. “t” is the thickness
of the rectangular wafer. “G” is the load applied to the knife
edge. The load applied to the knife edge can be altered
continuously by motor control.

[0114] FIG. 4A and FIG. 4B are graphs illustrating char-
acteristics of a strain sensing element.

[0115] FIG. 5A and FIG. 5B are graphs illustrating char-
acteristics of a strain sensing element.

[0116] FIG. 4A and FIG. 4B show the investigation results
of the strain sensor characteristics of the first sample S01.
FIG. 4A shows the measurement results of the magnetic field
dependence of the electric resistance when the strain € is
0.8x107%,0.6x107>,0.4x107*,0.2x107>, and 0.0x107>, FIG.
4B shows the measurement results of the magnetic field
dependence of the electric resistance when the strain € is
-0.2x107%, —0.4x1073, -0.6x1073, and -0.8x1073.

[0117] FIG. 5A and FIG. 5B show the investigation results
of the strain sensor characteristics of the second sample S02.
FIG. 5A shows the measurement results of the magnetic field
dependence of the electric resistance when the strain ¢ is
0.8x107%,0.6x107%,0.4x107%,0.2x107>, and 0.0x10°. FIG.
5B shows the measurement results of the magnetic field
dependence of the electric resistance when the strain € is
-0.2x107%, 0.4x107%, =0.6x10™>, and —0.8x107>.

[0118] The horizontal axis of the drawings is the external
magnetic field H (oersteds; Oe). The vertical axis is the
electric resistance R (ohm; €2). The direction of the external
magnetic field H in the measurement is a direction parallel
to the plane of the first magnetization pinned layer 10a. The
negative external magnetic field H corresponds to the mag-
netic field in the same direction as the direction of the
magnetization of the first magnetization pinned layer 10a.

[0119] The direction of the application of strain ¢ is a
direction perpendicular to the magnetization direction of the
first magnetic layer (for example, a magnetization pinned
layer) in the X-Y plane. In the specification of this applica-
tion, the value of the strain & being positive corresponds to
tensile strain. The value of the strain & being negative
corresponds to compressive strain.

[0120] As can be seen from FIG. 4A, FIG. 4B, FIG. 5A,
and FIG. 51, the R-H loop shape changes with the value of
the strain ¢ in the first sample S01 and the second sample
S02. This indicates that the in-plane magnetic anisotropy of
the second magnetic layer 20 (a magnetization free layer)
changes due to the inverse magnetostriction effect.

[0121] FIG. 6A and FIG. 6B are graphs illustrating char-
acteristics of strain sensing elements.

[0122] FIG. 6A corresponds to the first sample SO01, and
FIG. 6B corresponds to the second sample S02. The draw-
ings show the change in electric resistance R when the
external magnetic field H is fixed and the strain & is changed
continuously in a range between —0.8x10> and 0.8x107>.
The horizontal axis of the drawings is the strain &, and the
vertical axis is the electric resistance R. The change in strain
¢ is both the change from -0.8x107* toward 0.8x10™> and

Formula 1
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the change from 0.8x107> toward -0.8x10~>. The results
show strain sensor characteristics. The gauge factor is cal-
culated from the drawings.

[0123] The gauge factor GF is expressed by GF=(dR/R)/
de.
[0124] From FIG. 6A, the gauge factor in the first sample

S01 is calculated to be 4027. From FIG. 6B, the gauge factor
in the second sample S02 is calculated to be 895.

[0125] Thus, in the case where the same second magnetic
layer 20 (a magnetization free layer of a Co,le, B, layer
with a thickness of 4 nm) is used, the gauge factor can be
significantly improved by using a Mg—O layer with a
thickness of 1.5 nm as the functional layer 25.

[0126] On the other hand, the MR ratio of the first sample
SO01 is 149%. The MR ratio of the second sample S02 is
188%. The coercivity Hc of the first sample S01 is 3.2 Oe.
The coercivity He of the second sample S02 is 27 Oe. The
magnetostriction constant A of the first sample SO01 is 20
ppm. The magnetostriction constant A of the second sample
S02 is 30 ppm.

[0127] Such a difference in gauge factor dependent on the
presence or absence of the functional layer 25 is presumed
to be due to the fact that the coercivity He of the
CoyoFe, B, layer that is the second magnetic layer 20 (a
magnetization free layer) is different.

[0128] As mentioned above, the coercivity He of the
second sample S02 is 27 Oe, whereas the coercivity He of
the first sample S01 is 3.2 Oe. The coercivity He of the first
sample SO01 is very small. The improvement in gauge factor
due to the decrease in coercivity He can be explained as
follows.

[0129] As described in regard to FIG. 2A to FIG. 2C, when
astrain is generated in a magnetization free layer (the second
magnetic layer 20), the magnetization direction of the mag-
netization free layer changes due to the inverse magneto-
striction effect. At this time, by using a magnetic material
with a large magnetostriction constant A as the magnetiza-
tion free layer, the force of rotating magnetization works
greatly with respect to the strain; therefore, the gauge factor
can be improved. On the other hand, the gauge factor
depends also on the coercivity of the magnetization free
layer. The coercivity is a physical parameter reflecting the
ease of magnetization rotation of the magnetization free
layer. Materials with a large coercivity have a strong force
of keeping the magnetization direction as it is. Therefore, in
materials with a large coercivity, a change in magnetization
direction due to the inverse magnetostriction effect is less
likely to occur.

[0130] Thus, a high gauge factor is obtained when the
magnetostriction constant A is large in the magnetization
free layer. A high gauge factor is obtained when the coer-
civity in the magnetization free layer is small.

[0131] As mentioned above, the value of the magneto-
striction constant A in the first sample S01 is relatively close
to that in the second sample S02, and is sufficiently large. On
the other hand, the coercivity He in the first sample S01 is
significantly smaller than that in the second sample S02, and
is approximately %10 of that. In the first sample SO01, it is
presumed that the effect of the reduction in coercivity He
greatly contributes to the increase in gauge factor.

[0132] The small coercivity He and the large magneto-
striction constant A obtained in the first sample S01 are
obtained by providing the Mg—O layer as the functional
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layer 25 on the second magnetic layer 20 (a magnetization
free layer) of a Co,yFe, B, layer.

[0133] An investigation by the inventors of this applica-
tion has revealed that the crystal structure of the
CoyoFe, B, layer of the second magnetic layer 20 (a
magnetization free layer) changes with the presence or
absence of the functional layer 25. It has been found that the
difference in crystal structure of Co,gFe B, has relation to
the difference in coercivity He. The difference in crystal
structure will now be described.

[0134] FIG. 7A to FIG. 7D are microscope images illus-
trating characteristics of a strain sensing element.

[0135] FIG. 7A is a cross-sectional transmission electron
microscope (cross-sectional TEM) photographic image of
the strain sensing element of the first sample S01. FIG. 7A
is a photograph of the stacked structure of the first sample
So01.

[0136] FIG. 7B to FIG. 7D are crystal lattice diffraction
images obtained by nanodiffraction of an electron beam of
points P1 to P3 of FIG. 7A, respectively.

[0137] FIG. 7A shows a region including a part of the
second magnetization pinned layer 105 (a CosgFes, layer) to
a part of the cap layer 26¢ (a Ru layer).

[0138] As can be seen from FIG. 7A, the first magnetiza-
tion pinned layer 10a (a Co—Fe—2B layer) includes a crystal
portion. Also the spacer layer 30 (a Mg—O layer) is a
crystal. On the other hand, in the most part of the second
magnetic layer 20 (a Co—Fe—B layer that is a magnetiza-
tion free layer) sandwiched by the spacer layer 30 and the
functional layer 25 (a Mg—O layer), a regular atomic
arrangement is not observed. That is, the second magnetic
layer 20 is amorphous.

[0139] The crystal state can be checked by a crystal lattice
diffraction image. The crystal lattice diffraction images of
points P1 to P3 in FIG. 7A are shown in FIG. 7B to FIG. 7D,
respectively. Point P1 corresponds to the first magnetization
pinned layer 10a. Point P2 corresponds to the spacer layer
30. Point P3 corresponds to the second magnetic layer 20 (a
magnetization free layer).

[0140] As shown in FIG. 7B, diffraction spots are
observed in the diffraction image of point P1 corresponding
to the first magnetization pinned layer 10a (a Co—Fe—B
layer). The diffraction spots are due to the fact that the first
magnetization pinned layer 10a has a crystal structure.
[0141] As shown in FIG. 7C, diffraction spots are
observed in the diffraction image of point P2 corresponding
to the spacer layer 30 (a Mg—O layer). The diffraction spots
are due to the fact that the spacer layer 30 has a crystal
structure.

[0142] On the other hand, as shown in FIG. 7D, distinct
diffraction spots are not observed in the diffraction image of
point P3 corresponding to the second magnetic layer 20 (a
Co—Fe—B layer of a magnetization free layer). In the
diffraction image, a ring-like diffraction image reflecting an
amorphous structure is observed. The result shows that the
second magnetic layer 20 (a Co—Fe—B layer of a magne-
tization free layer) of the first sample S01 includes an
amorphous portion.

[0143] FIG. 8A to FIG. 8D are microscope images illus-
trating characteristics of a strain sensing element.

[0144] FIG. 8A is a cross-sectional transmission electron
microscope (cross-sectional TEM) photographic image of
the strain sensing element of the second sample S02. FIG.
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8B to FIG. 8D are crystal lattice diffraction images obtained
by nanodiffraction of an electron beam of points P4 to P6 of
FIG. 8A, respectively.

[0145] As can be seen from FIG. 8A, the first magnetiza-
tion pinned layer 10a (a Co—Fe—2B layer) includes a crystal
portion, and also the spacer layer 30 (a Mg—O layer) is a
crystal. Also the second magnetic layer 20 (a Co—Fe—B
layer that is a magnetization free layer) on the spacer layer
30 includes a large amount of crystal portions.

[0146] As shown in FIG. 8B, diffraction spots due to a
crystal structure are found in the diffraction image of the first
magnetization pinned layer 10a (a Co—Fe—B layer).
[0147] As shown in FIG. 8C, diffraction spots due to a
crystal structure are found in the diffraction image of the
spacer layer 30 (a Mg—O layer).

[0148] As shown in FIG. 8D, diffraction spots due to a
crystal structure are found also in the diffraction image of the
second magnetic layer 20 (a Co—Fe—B layer of a magne-
tization free layer). The result shows that the most part of the
second magnetic layer 20 (a Co—Fe—B layer of a magne-
tization free layer) of the second sample S02 has a crystal
structure.

[0149] As can be seen from FIG. 7A to FIG. 7D, the
magnetization free layer of the first sample S01 showing a
high gauge factor includes an amorphous structure. On the
other hand, as can be seen from FIG. 8A to FIG. 8D, the
magnetization free layer of the second sample S02 that has
showed a low gauge factor has a crystal structure.

[0150] As described above, in each of the first sample S01
and the second sample S02, a Co, Fe, B, layer (4 nm) of
the same composition is used as the magnetization free layer.
In spite of this, the first sample S01 and the second sample
S02 have different gauge factors and different crystal states.
It is presumed that this reflects the presence or absence of the
functional layer 25 provided on the magnetization free layer
(a Co,gFe B, layer (4 nm)).

[0151] The difference between the crystal states of the
magnetization free layers of the first sample SO01 and the
second sample S02 is further described.

[0152] FIG. 9A, FIG. 9B, FIG. 10A, and FIG. 10B are
schematic diagrams illustrating characteristics of strain
sensing elements.

[0153] FIG. 9B corresponds to part of FIG. 7A, and FIG.
10B corresponds to part of FIG. 8A.

[0154] FIG. 9A and FIG. 10A are the investigation results
of the depth profile of elements of the samples obtained by
electron energy-loss spectroscopy (EELS). FIG. 9A corre-
sponds to the sample S01, and shows the depth profile of
elements on line L1 shown in FIG. 7A. FIG. 10B corre-
sponds to the second sample S02, and shows the depth
profile of elements on line 1.2 shown in FIG. 8A. In these
drawings, the horizontal axis is the intensity Int (an arbitrary
unit) of detection of elements. The vertical axis is the depth
Dp (um). The depth Dp corresponds to the distance in the
Z-axis direction, for example. These drawings show depth
profiles regarding iron, boron, and oxygen.

[0155] As shown in FIG. 10A, in the second sample S02,
the intensity Int of boron in the cap layer 26¢ is higher than
the intensity Int of boron in the second magnetic layer 20 (a
Co—Fe—B layer that is a magnetization free layer). In the
second magnetic layer 20, the intensity Int of boron in a
portion on the cap layer 26¢ side is higher than the intensity
Int of boron in a central portion of the second magnetic layer
20. Tt is presumed that boron is diffused from the second
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magnetic layer 20 to the cap layer 26¢ side, and the
concentration of boron in the second magnetic layer 20 is
reduced.

[0156] On the other hand, as shown in FIG. 9A, in the first
sample S01, a peak of boron appears in a central portion of
the second magnetic layer 20 (a Co—Fe—B layer of a
magnetization free layer). The boron content of the cap layer
26¢ 1s small. The boron concentration of the second mag-
netic layer 20 (a Co—Fe—B layer of a magnetization free
layer) is hardly diffused to other layers, and maintains the
initial state at the time of film formation.

[0157] From the foregoing, it is presumed that the func-
tional layer (in this example, a Mg—O layer) provided on
the second magnetic layer 20 (a magnetization free layer)
has the effect of a diffusion barrier that suppresses the
diffusion of boron from the second magnetic layer 20.
[0158] The above results suggest that the crystallization in
the Co,oFe 0B, layer of the second sample S02 in which the
functional layer 25 is not provided proceeds more than that
in the Co,oFe B, layer of the first sample S01. That is, in
the first sample S01, the Co,Fe,,B,, layer maintains the
amorphous structure. On the other hand, crystallization has
proceeded in the second sample S02 in which the functional
layer 25 is not provided. The cause that crystallization is
progressed in the second sample S02 is probably that boron
of the magnetization free layer is diffused and the boron
content of the magnetization free layer is reduced.

[0159] FIG. 11A and FIG. 11B are graphs illustrating
characteristics of strain sensing elements.

[0160] The drawings show the investigation results of
X-ray diffraction of Co,Fe, B, layers. FIG. 11A and FIG.
11B correspond to the first sample SO01 and the second
sample S02, respectively. The horizontal axis of the draw-
ings is the rotation angle 26 (degrees). The vertical axis is
the intensity Int.

[0161] Itis difficult to obtain diffraction peaks of only the
CooFe, B, layer in the sample in X-ray diffraction. Hence,
the following model films are used in these samples. Sample
Srl shown in FIG. 11A has a stacked structure of a first
Mg—O layer (the spacer layer 30)/a Co,,Fe,,B,, layer/a
second Mg—O (the functional layer 25)/Ta (corresponding
to the cap layer 26¢). Sample Sr1 has the functional layer 25,
and corresponds to the first sample S01. On the other hand,
sample Sr2 shown in FIG. 11B has a stacked structure of a
first Mg—O layer (the spacer layer 30)a Co,.Fe, B,
layer/Ta (corresponding to the cap layer 26¢). Sample Sr2
does not have the functional layer 25, and corresponds to the
second sample S02.

[0162] InFIG. 11A and FIG. 11B, X-ray diffraction results
after annealing 0f 320° C. and 1 H and before the annealing
are shown for reference.

[0163] As can be seen from FIG. 11A and FIG. 11B, it is
found that before annealing, no X-ray diffraction peak is
found in either sample Srl or sample Sr2, and the magne-
tization free layers of both sample Srl and sample Sr2 are
amorphous. On the other hand, after annealing, a diffraction
peak of CosFes, appears in sample Sr2 more strongly than
in sample Srl.

[0164] This means that the crystallization in the
Co,Fe, B, layer of the second sample S02 in which the
functional layer 25 is not provided has proceeded more than
that in the Co,oFe, 0B, layer of the first sample S01. That is,
in the first sample S01, the Co,,Fe,B,, layer maintains the
amorphous structure even after annealing. On the other
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hand, in the second sample S02 in which the functional layer
25 is not provided, crystallization proceeds after annealing.
[0165] FIG. 12A and FIG. 12B are graphs illustrating
characteristics of strain sensing elements.

[0166] The drawings show characteristics of the first
sample SO01 and the second sample S02 mentioned above
and a third sample S03. In the third sample S03, Fe,,Co,,
(thickness: 4 nm) including no boron is used as the magne-
tization free layer. The third sample S03 has the same
configuration as the second sample S02 except for the
magnetization free layer.

[0167] FIG. 12A shows the coercivity (Oe). FIG. 12B
shows the magnetostriction constant A (ppm). For the first
sample S01 and the second sample S02, values of before
annealing (BA) and values after annealing (AA) are shown.
[0168] As shown in FIG. 8A, in the first sample SO01 and
the second sample S02 before annealing (BA), the coercivity
Hc is approximately 3 Oe to 4 Oe. Good soft magnetic
characteristics are exhibited before annealing (BA). How-
ever, before annealing (BA), the MR ratio is low and
therefore a high gauge factor cannot be obtained.

[0169] In the second sample S02, the coercivity Hc
increases to 27 Oe after annealing (AA). This value is almost
equal to the value of the third sample S03 using a Co,,Fe.,
layer including no boron. The increase in coercivity He in
the second sample S02 after annealing (AA) is due to the
fact that crystallization proceeds in the second sample S02
after annealing (AA).

[0170] On the other hand, in the first sample SO01, the
coercivity He after annealing (AA) keeps the value before
annealing (BA). This is due to the fact that in the first sample
S01, crystallization does not proceed and the amorphous
structure is maintained even after annealing (BA).

[0171] As shown in FIG. 8B, in the first sample S01, the
magnetostriction constant % after annealing (AA) substan-
tially keeps the value before annealing (BA).

[0172] FIG. 13 is a schematic diagram illustrating char-
acteristics of strain sensing elements.

[0173] FIG. 13 shows characteristics of the first to third
samples S01 to S03 mentioned above in a model way.
[0174] As shown in FIG. 13, the coercivity He of the
CoqoFe, B,g layer including a large amount of boron is
small before annealing (the first sample S01 and the second
sample S02). On the other hand, the Cos,Fe,, layer includ-
ing no boron has a large coercivity Hc.

[0175] In the second sample S02, boron of the
CoyoFe, B, layer is diffused to the cap layer 26¢ side
during annealing and the boron concentration is reduced,
consequently, crystallization proceeds, and the coercivity He
1s increased to a level equal to that of the third sample S03.
On the other hand, in the first sample S01, the diffusion of
boron is suppressed by the functional layer 25, and the boron
concentration in the Co,,Fe, B, layer is maintained; thus,
the progress of crystallization is suppressed. Consequently,
even after annealing (AA), the coercivity He can be kept
small at a level equal to that before annealing (BA). Con-
sequently, in the first sample S01, a large magnetostriction
constant A of 20 ppm, a small coercivity He of approxi-
mately 3 Oe, and a high MR ratio of 149% are obtained.
Thus, a high gauge factor of 4000 or more is obtained.
[0176] By combining the second magnetic layer 20 (a
magnetization free layer) including boron and the functional
layer 25 that suppresses the diffusion of boron in the above
manner, even after annealing (AA), the boron content in the
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magnetization free layer can be maintained and the amor-
phous structure can be maintained.

[0177] Thus, in the embodiment, the second magnetic
layer 20 including an amorphous portion and including
boron and the functional layer 25 of at least one of an oxide
and a nitride that suppresses the diffusion of boron are used.
Thereby, a high-sensitivity strain sensing element can be
provided.

[0178] Examples of the strain sensing element according
to the embodiment will now be described.

[0179] For the first electrode E1 and the second electrode
E2, at least one of aluminum (Al), aluminum-copper alloy
(Al—Cu), copper (Cu), silver (Ag), and gold (Au) is used,
for example. By using such a material with a relatively small
electric resistance as the first electrode E1 and the second
electrode E2, a current can be passed through the strain
sensing element 51 efficiently. A nonmagnetic material may
be used for the first electrode E1.

[0180] The first electrode E1 may include an underlayer
(not shown) for the first electrode El, a cap layer (not
shown) for the first electrode E1, and a layer of at least one
of Al, Al—Cu, Cu, Ag, and Au provided between them, for
example. Tantalum (Ta)/copper (Cu)/tantalum (Ta) or the
like is used as the first electrode E1, for example. By using
Ta as the underlayer for the first electrode F1, the adhesion
between the film unit 70 and the first electrode E1 is
improved, for example. Also titanium (Ti), titanium nitride
(TiN), or the like may be used as the underlayer for the first
electrode E1.

[0181] By using Ta as the cap layer for the first electrode
E1, the oxidation of copper (Cu) or the like under the cap
layer can be prevented. Also titanium (Ti), titanium nitride
(TiN), or the like may be used as the cap layer for the first
electrode E1.

[0182] As the underlayer 10, a stacked structure including
a buffer layer (not shown) and a seed layer (not shown) may
be used, for example. The buffer layer eases the roughness
of the surface of the first electrode E1 or the film unit 70, and
improves the crystallinity of a layer stacked on the buffer
layer, for example. As the buffer layer, at least one selected
from the group consisting of tantalum (Ta), titanium (Ti),
vanadium (V), tungsten (W), zirconium (Zr), hafnium (Hf),
and chromium (Cr) is used, for example. An alloy including
at least one selected from these materials may be used as the
buffer layer.

[0183] The thickness of the buffer layer of the underlayer
10/ is preferably not less than 1 nm and not more than 10 nm.
The thickness of the buffer layer is more preferably not less
than 1 nm and not more than 5 nm. If the thickness of the
buffer layer is too small, the buffer effect will be lost. If the
thickness of the buffer layer is too large, the thickness of the
strain sensing element 51 will be too large. The seed layer
may be formed on the buffer layer, and may have buffer
effect. In this case, the buffer layer may be omitted. A Ta
layer with a thickness of 3 nm is used as the buffer layer, for
example.

[0184] The seed layer of the underlayer 10/ controls the
crystal orientation of a layer stacked on the seed layer. The
seed layer controls the crystal grain size of a layer stacked
on the seed layer. A metal of the fcc structure (face-centered
cubic structure), the hep structure (hexagonal close-packed
structure), or the bee structure (body-centered cubic struc-
ture) or the like is used as the seed layer.
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[0185] As the seed layer of the underlayer 10/, ruthenium
(Ru) of the hep structure, NiFe of the fee structure, or Cu of
the fcc structure may be used. Thereby, the crystal orienta-
tion of a spin valve film on the seed layer can be made the
fee(111) orientation, for example. A Cu layer with a thick-
ness of 2 nm or a Ru layer with a thickness of 2 nm is used
as the seed layer, for example. When it is attempted to
enhance the crystal orientation properties of a layer formed
on the seed layer, the thickness of the seed layer is preferably
not less than 1 nm and not more than 5 nm. The thickness
of the seed layer is more preferably not less than 1 nm and
not more than 3 nm. Thereby, the function as a seed layer of
improving the crystal orientation is exhibited sufficiently.
[0186] On the other hand, when it is not necessary to
provide a crystal orientation to a layer provided on the seed
layer (for example, when an amorphous magnetization free
layer is formed, etc.), the seed layer may be omitted, for
example. A Ru layer with a thickness of 2 nm is used as the
seed layer, for example.

[0187] The pinning layer 10p provides unidirectional
anisotropy to the first magnetic layer 10 (a ferromagnetic
layer) formed on the pinning layer 10p, and fixes the
magnetization 10m of the first magnetic layer 10, for
example. An antiferromagnetic layer is used as the pinning
layer 10p, for example. At least one selected from the group
consisting of Ir—Mn, Pt—Mn, Pd—Pt—Mn, and Ru—
Rh—Mn is used for the pinning layer 10p, for example. The
thickness of the pinning layer 10p is appropriately set to
provide unidirectional anisotropy of a sufficient strength.
[0188] When PtMn or PdPtMn is used as the pinning layer
10p, the thickness of the pinning layer 10p is preferably not
less than 8 nm and not more than 20 nm. The thickness of
the pinning layer 10p is more preferably not less than 10 nm
and not more than 15 nm. When IrMn is used as the pinning
layer 10p, unidirectional anisotropy can be provided by a
smaller thickness than when PtMn is used as the pinning
layer 10p. In this case, the thickness of the pinning layer 10p
is preferably not less than 4 nm and not more than 18 nm.
The thickness of the pinning layer 10p is more preferably not
less than 5 nm and not more than 15 nm. An Ir,,Mn_ layer
with a thickness of 7 nm is used as the pinning layer 10p, for
example.

[0189] A hard magnetic layer may be used as the pinning
layer 10p. As the hard magnetic layer, CoPt (the ratio of Co
being not less than 50 at. % and not more than 85 at. %),
(Co.Pt)go.x)100.,Cr,, (X being not less than 50 at. % and not
more than 85 at. %, y being not less than 0 at. % and not
more than 40 at. %), FePt (the ratio of Pt being not less than
40 at. % and not more than 60 at. %), or the like may be used,
for example.

[0190] As the second magnetization pinned layer 10,
Co,Fe, 0., alloy (x being not less than 0 at. % and not more
than 100 at. %), Ni Fe, ,,_, alloy (x being not less than 0 at.
% and not more than 100 at. %), or a material in which a
nonmagnetic element is added to these is used, for example.
As the second magnetization pinned layer 105, at least one
selected from the group consisting of Co, Fe, and Ni is used,
for example. As the second magnetization pinned layer 105,
an alloy including at least one material selected from these
materials may be used. As the second magnetization pinned
layer 105, (Co,Fe, 4.1 00,8, alloy (x being not less than 0
at. % and not more than 100 at. %, y being not less than 0
at. % and not more than 30 at. %) may be used. By using an
amorphous alloy of (Co,Fe,yq_.)100.,B, as the second mag-
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netization pinned layer 105, the variation in characteristics
of the strain sensing element 51 can be suppressed even
when the size of the strain sensing element 51 is small.
[0191] The thickness of the second magnetization pinned
layer 105 is preferably not less than 1.5 nm and not more
than 5 nm, for example. Thereby, the strength of the unidi-
rectional anisotropic magnetic field caused by the pinning
layer 10p can be increased, for example. The strength of the
antiferromagnetic coupling magpetic field between the sec-
ond magnetization pinned layer 104 and the first magneti-
zation pinned layer 10a can be increased via the magnetic
coupling layer 10¢ formed on the second magnetization
pinned layer 105, for example. The magnetic thickness (the
product of the saturation magnetization Bs and the thickness
t (Bst)) of the second magnetization pinned layer 105 is
preferably substantially equal to the magnetic thickness of
the first magnetization pinned layer 10a, for example.
[0192] The saturation magnetization of Co,,Fe B, ina
thin film form is approximately 1.9 T (tesla). When a
Co,oFe, B, layer with a thickness of 3 nm is used as the
first magnetization pinned layer 10a, the magnetic thickness
of the first magnetization pinned layer 10a is 1.9 Tx3 nm,
which is 5.7 T nm, for example. On the other hand, the
saturation magnetization of Co,Fe, is approximately 2.1 T.
The thickness of the second magnetization pinned layer 105
by which a magnetic thickness equal to the above is obtained
1s 5.7 T nm/2.1 T, which is 2.7 nm. In this case, a Co,sFe,s
layer with a thickness of approximately 2.7 nm is preferably
used as the second magnetization pinned layer 105, A
Co,sFe,s layer with a thickness of 2.5 nm is used as the
second magnetization pinned layer 105, for example.
[0193] In the strain sensing element 51, a synthetic pin
structure composed of the second magnetization pinned
layer 105, the magnetic coupling layer 10¢, and the first
magnetization pinned layer 10a is used as the first magnetic
layer 10. A single pin structure formed of one magnetization
pinned layer may be used as the first magnetic layer 10. In
the case where a single pin structure is used, a Co,Fe, (B,
layer with a thickness of 3 nm is used as the magnetization
pinned layer, for example. The same material as the material
of the second magnetization pinned layer 105 described
above may be used as the ferromagnetic layer used as the
magnetization pinned layer of the single pin structure.
[0194] The magnetic coupling layer 10¢ produces an anti-
ferromagnetic coupling between the second magnetization
pinned layer 106 and the first magnetization pinned layer
10a. The magnetic coupling layer 10c forms a synthetic pin
structure. Ru is used as the magnetic coupling layer 10¢, for
example. The thickness of the magnetic coupling layer 10¢
is preferably not less than 0.8 nm and not more than 1 nm,
for example. Other materials than Ru may be used as the
magnetic coupling layer 10¢ to the extent that they produce
a sufficient antiferromagnetic coupling between the second
magnetization pinned layer 105 and the first magnetization
pinned layer 10a. The thickness of the magnetic coupling
layer 10¢ may be set to a thickness of not less than 0.8 nm
and not more than 1 nm corresponding to the second peak
(2nd peak) of the RKKY (Ruderman-Kittel-Kasuya-Yosida)
coupling. The thickness of the magnetic coupling layer 10¢
may be set to a thickness of not less than 0.3 nm and not
more than 0.6 nm corresponding to the first peak (1st peak)
of the RKKY coupling. Ru with a thickness of 0.9 nm is used
as the magnetic coupling layer 10c¢, for example. Thereby, a
highly reliable coupling is obtained more stably.
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[0195] The magnetic layer used as the first magnetization
pinned layer 10a directly contributes to the MR effect.
Co—Fe—B alloy is used as the first magnetization pinned
layer 10a, for example. Specifically, (CoFe, oo );00,B,
alloy (x being not less than 0 at. % and not more than 100
at. %, y being not less than 0 at. % and not more than 30 at.
%) may be used as the first magnetization pinned layer 10a.
When an amorphous alloy of (Co,Fe,g_),00.,B, 1s used as
the first magnetization pinned layer 10a, the variation
between elements due to crystal grains can be suppressed
even when the size of the strain sensing element 51 is small,
for example.

[0196] A layer (for example, a tunnel insulating layer (not
shown)) formed on the first magnetization pinned layer 10a
may be planarized. By the planarization of the tunnel
insulating layer, the defect density of the tunnel insulating
layer can be reduced. Thereby, a larger MR ratio is obtained
with a lower resistance-area product (RA). When Mg—O is
used as the material of the tunnel insulating layer, an
amorphous alloy of (Co,Fe, g ,)100.,B, may be used as the
first magnetization pinned layer 10a; thereby, the (100)
orientation properties of the Mg—O layer formed on the
tunnel insulating layer can be enhanced, for example. By
enhancing the (100) orientation properties of the MgO layer,
a larger MR ratio is obtained. The (Co,Fe, go_.),00.,B, alloy
is crystallized during annealing, with the (100) plane of the
Mg—O layer as a template. Thus, good crystal matching
between the Mg—O and the (Co,Fe n. 1) 00.,B, alloy is
obtained. By obtaining good crystal matching, a larger MR
ratio is obtained.

[0197] As the first magnetization pinned layer 10a, Fe—
Co alloy may be used as well as Co—Fe—B alloy, for
example.

[0198] When the first magnetization pinned layer 10a is
thicker, a larger MR ratio is obtained. To obtain a larger fixed
magnetic field, the first magnetization pinned layer 10a is
preferably thinner. Between the MR ratio and the fixed
magnetic field, there is a trade-off in the thickness of the first
magnetization pinned layer 10a. When Co—Fe—B alloy is
used as the first magnetization pinned layer 10a, the thick-
ness of the first magnetization pinned layer 10q is preferably
not less than 1.5 nm and not more than 5 nm. The thickness
of the first magnetization pinned layer 10a is more prefer-
ably not less than 2.0 nm and not more than 4 nm.

[0199] For the first magnetization pinned layer 10a,
Cogole,, alloy of the fcc structure, Co of the hep structure,
or a Co alloy of the hep structure is used as well as the
material described above. As the first magnetization pinned
layer 10a, at least one selected from the group consisting of
Co, Fe, and Ni is used, for example. As the first magneti-
zation pinned layer 10q, an alloy including at least one
material selected from these materials is used. As the first
magnetization pinned layer 10a, an FeCo alloy material of
the bee structure, a Co alloy with a cobalt content of 50 at.
% or more, or a material with a Ni content of 50 at. % or
more (a Ni alloy) may be used; thereby, a larger MR ratio is
obtained, for example.

[0200] As the first magnetization pinned layer 10a, a
Heusler magnetic alloy layer of Co,MnGe, Co,FeGe,
Co,MnSi, Co,FeSi, Co,MnAl, Co,FeAl, Co,MnGa, Ge, s,
Co,FeGa, sGe, 5, and the like may be used, for example. As
the first magnetization pinned layer 10a, a Co,Fe, B,
layer with a thickness of 3 nm is used, for example.
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[0201] The spacer layer 30 cuts the magnetic coupling
between the first magnetic layer 10 and the second magnetic
layer 20, for example. A metal, an insulator, or a semicon-
ductor is used for the spacer layer 30, for example. Cu, Au,
Ag, or the like is used as the metal, for example. In the case
where a metal is used as the spacer layer 30, the thickness
of the spacer layer is approximately not less than 1 nm and
not more than 7 nm, for example. As the insulator or the
semiconductor, a magnesium oxide (Mg—O etc.), an alu-
minum oxide (Al,O; etc.), a titanium oxide (Ti—O etc.), a
zinc oxide (Zn—O etc.), a gallium oxide (Ga—0O), or the
like is used, for example. In the case where an insulator or
a semiconductor is used as the spacer layer 30, the thickness
of the spacer layer 30 is approximately not less than 0.6 nm
and not more than 2.5 nm, for example. A CCP (current-
confined-path) spacer layer may be used as the spacer layer
30, for example. In the case where a CCP spacer layer is
used as the spacer layer, a structure is used in which a copper
(Cu) metal path is formed in an insulating layer of aluminum
oxide (Al,05), for example. A Mg—O layer with a thickness
of 1.6 nm is used as the spacer layer 30, for example.
[0202] For the second magnetic layer 20, a ferromagnetic
material is be used. In the embodiment, a high gauge factor
can be obtained by using a ferromagnetic material of an
amorphous structure including boron as the second magnetic
layer 20. For the second magnetic layer 20, an alloy includ-
ing at least one element selected from the group consisting
of Fe, Co, and Ni and boron (B) may be used. For the second
magnetic layer 20, Co—Fe—B alloy, Fe—B alloy, Fe—
Co—Si—B alloy, or the like may be used, for example. For
the second magnetic layer 20, an alloy including at least one
element selected from the group consisting of Fe, Co, and Ni
and boron (B) may be used. As the second magnetic layer
20, a Co,oFe 0B, layer with a thickness of 4 nm may be
used, for example.

[0203] The second magnetic layer 20 may have a multiple-
layer structure. The second magnetic layer 20 may have a
two-layer structure, for example. When a tunnel insulating
layer of Mg—O is used as the spacer layer 30, it is preferable
that a layer of Co—Fe—B alloy or Fe—B alloy be provided
in a portion in contact with the spacer layer 30 of the second
magnetic layer 20. Thereby, a high magnetoresistance effect
is obtained.

[0204] The second magnetic layer 20 includes a first
portion on the spacer layer 30 side and a second portion on
the functional layer 25 side, for example. The first portion
includes a portion in contact with the spacer layer 30 of the
second magnetic layer 20, for example. A layer of Co—
Fe—B alloy is used as the first portion. Fe—B alloy is used
for the second portion, for example. That is, Co—Fe—B/
Fe—B alloy is used as the second magnetic layer 20, for
example. The thickness of the Co,,Fe, B, layer is 0.5 nm,
for example. The thickness of the Fe—B alloy layer men-
tioned above used as the second magnetic layer 20 is 6 nm,
for example.

[0205] In the embodiment, a high gauge factor can be
obtained by using a ferromagnetic material including boron
and including an amorphous portion as the second magnetic
layer 20. Examples of the material that may be used for the
second magnetic layer 20 are described later.

[0206] In the embodiment, an oxide or a nitride may be
used for the functional layer 25. A Mg—O layer with a
thickness of 1.5 nm may be used as the functional layer 25,
for example. In the embodiment, by using an oxide layer or
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a nitride layer as the functional layer 25, the diffusion of
boron included in the second magnetic layer 20 is sup-
pressed, for example. Thereby, the amorphous structure in
the second magnetic layer 20 can be maintained. Conse-
quently, a high gauge factor can be obtained. Examples of
the material that may be used for the functional layer 25 are
described later.

[0207] The cap layer 26¢ protects a layer provided under
the cap layer 26¢. A plurality of metal layers are used as the
cap layer 26c, for example. A two-layer structure of a Ta
layer and a Ru layer (Ta/Ru) is used as the cap layer 26c¢, for
example. The thickness of the Ta layer is 1 nm, for example,
and the thickness of the Ru layer is 5 nm, for example. Other
metal layers may be provided as the cap layer 26¢ in place
of the Ta layer and the Ru layer. The configuration of the cap
layer 26¢ is arbitrary. A nonmagnetic material may be used
as the cap layer 26¢, for example. Other materials may be
used as the cap layer 26¢ to the extent that they can protect
a layer provided under the cap layer 26¢.

[0208] Examples of the configuration and material of the
second magnetic layer 20 (a magnetization free layer) are
further described.

[0209] For the second magnetic layer 20, an alloy includ-
ing at least one element selected from Fe, Co, and Ni and
boron (B) may be used. Co—Fe—B alloy, Fe—B alloy, or
the like may be used for the second magnetic layer 20, for
example. (Co,Fe o, )00.,B, alloy (x being not less than 0
at. % and not more than 100 at. %, y being larger than 0 at.
% and not more than 40 at. %) may be used for the second
magnetic layer 20, for example. A Co,.Fe,,B,, layer with a
thickness of 4 nm may be used as the second magnetic layer
20, for example.

[0210] In the case where an alloy including at least one
element selected from the group consisting of Fe, Co, and Ni
and boron (B) is used for the second magnetic layer 20, at
least one of Ga, Al, Si, and W may be added as an element
that facilitates the increase in magnetostriction constant A.
Fe—Ga—B alloy, Fe—Co—Ga—B alloy, or Fe—Co—
Si—B alloy may be used as the second magnetic layer 20,
for example.

[0211] When Fe, B, (0<y<0.3) or (Fe, X, ) B, X
being Co or Ni; 0.8<a<1, 0<y=<0.3) is used as at least part of
the second magnetic layer 20, a large magnetostriction
constant A and a low coercivity are well balanced easily;
thus, this case is particularly preferable. An Fegy,B,, layer
with a thickness of 4 nm may be used, for example.

[0212] The second magnetic layer 20 includes an amor-
phous portion as mentioned above. Part of the second
magnetic layer 20 may be crystallized. The second magnetic
layer 20 may include both a crystallized portion and an
amorphous portion.

[0213] The magnetostriction constant A and the coercivity
Hc in the magnetization free layer are summable properties
in accordance with the volume ratio of the ferromagnetic
material included in the magnetization free layer. Even when
a crystallized portion exists in the magnetization free layer,
a small coercivity He can be obtained because the magnetic
properties of the amorphous portion are obtained. In the case
where a tunneling magnetoresistance effect using an insu-
lator for the spacer layer 30 is used, it is preferable that a
portion including the interface with the spacer layer 30 of the
second magnetic layer 20 be crystallized, for example.
Thereby, a high MR ratio is obtained, for example.
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[0214] The boron concentration (for example, the compo-
sition ratio of boron) in the second magnetic layer 20 is
preferably 5 at. % (atomic percent) or more. Thereby, it
becomes easy to obtain an amorphous structure. The boron
concentration in the second magnetic layer 20 is preferably
35 at. % or less. If the boron concentration is too high, the
magnetostriction constant is reduced, for example. The
boron concentration in the second magnetic layer 20 is
preferably not less than 5 at. % and not more than 35 at. %,
and more preferably not less than 10 at. % and not more than
30 at. %, for example.

[0215] The second magnetic layer 20 includes a first
portion on the spacer layer 30 side and a second portion on
the functional layer 25 side, for example. The first portion
includes a portion in contact with the spacer layer 30 of the
second magnetic layer 20, for example. A layer of Co—
Fe—B alloy is used as the first portion. Fe—Ga—RB alloy is
used for the second portion, for example. That is, Co—Fe—
B/Fe—Ga—2B alloy is used as the second magnetic layer 20,
for example. The thickness of the Co,,Fe, (B, layeris 2 nm,
for example. The thickness of the Fe—Ga—2B layer is 6 nm,
for example. Also Co—Fe—B/Fe—DB alloy may be used.
The thickness of the Co,,Fe,,B,, is 0.5 nm, for example.
The thickness of the Fe—B is 4 nm, for example. As
described above, Co—Fe—B/Fe—B alloy may be used as
the second magnetic layer 20, for example. In this case, the
thickness of the Co,,Fe, B, layer is 0.5 nm, for example.
The thickness of the Fe—B layer is 4 nm, for example. Thus,
a high MR ratio can be obtained by using Co—Fe—B alloy
for the first portion on the spacer layer 30 side.

[0216] Crystallized Fe;,Cos, (thickness: 0.5 nm) may be
used for the first portion including the interface with the
spacer layer 30 of the second magnetic layer 20. A two-layer
structure such as crystallized Fes,Cos, (thickness: 0.5 nm)/
Co,,Fe,B,, (thickness: 2 nm) may be used as the first
portion including the interface with the spacer layer 30 of the
second magnetic layer 20.

[0217] Also a stacked film of Fe,,Cos, (thickness: 0.5
nm)/Co,yFe, B,, (thickness: 4 nm) may be used as the
second magnetic layer 20. Also a stacked film of Fe;,Cos,
(thickness: 0.5 nm)/Co,.Fe,B,, (thickness: 2 nm)/
Co,sFeysB,, (thickness: 4 nm) may be used as the second
magnetic layer 20. In this stacked film, the boron concen-
tration increases with distance from the spacer layer 30.
[0218] FIG. 14 is a schematic diagram illustrating the
strain sensing element according to the first embodiment.
[0219] FIG. 14 illustrates the distribution of boron con-
centration in the strain sensing element 50 (the strain sensing
element 51) according to the embodiment.

[0220] As shown in FIG. 14, the second magnetic layer 20
includes a first portion 20p and a second portion 20g. The
first portion 10p is provided between the spacer layer 30 and
the second portion 20g. The first portion 20p includes a
portion in contact with the spacer layer 30 of the second
magnetic layer 20, for example. The second portion 20g
includes a portion in contact with the functional layer 25 of
the second magnetic layer 20, for example.

[0221] As shown in FIG. 14, by reducing the boron
concentration C; of the first portion 20p of the second
magnetic layer 20 (a portion on the spacer layer 30 side), the
MR ratio in the first portion 20p can be improved. Thereby,
the change in electric resistance R with respect to the change
in magnetization direction can be increased, and a high
gauge factor can be obtained. On the other hand, by increas-
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ing the boron concentration Cy in the second portion 20¢ (a
portion away from the spacer layer 30), the coercivity He
can be reduced in the second portion 20¢, and the coercivity
Hc of the whole second magnetic layer 20 can be reduced.
[0222] In the case where a tunneling magnetoresistance
effect using Mg—O or the like for the spacer layer is used,
the MR ratio depends on the composition and crystal struc-
ture of the magnetic material with a thickness of approxi-
mately 0.5 nm in contact with the spacer layer. In other
words, the MR ratio is determined only by the magnetic
layer near the spacer layer. On the other hand, in the case
where the magnetization free layer is a stacked film, features
in accordance with the thickness of the layers included in the
stacked film, for example features of the thickest layer, are
reflected most strongly in the magnetic properties such as
magnetostriction and coercivity. This is because the stacked
body of the magnetic materials included in the magnetiza-
tion free layer is exchange-coupled and averaged. In the
embodiment, a layer of a magnetic material having crystal-
linity is provided near the spacer layer, for example.
Thereby, a high MR ratio is obtained. On the other hand, a
layer of an amorphous magnetic material including boron is
provided in the second portion 204 not in contact with the
spacer layer. Thereby, a low coercivity is obtained. Thus, a
low coercivity can be obtained as well as a high MR ratio.
[0223] Information on such a distribution of boron con-
centration C is obtained by SIMS analysis (secondary ion
mass spectrometry), for example. This information is
obtained by the combination of cross-sectional TEM and
EELS. This information is obtained by EELS analysis. This
information is obtained also by three-dimensional atom
probe analysis.

[0224] The thickness of the first portion 20p (a portion
with a relatively high level of crystallization) is smaller than
the thickness of the second portion 20¢ (a portion with a
relatively low level of crystallization, an amorphous por-
tion), for example. Thereby, it becomes easy to obtain a
small coercivity Hc, for example. The thickness of the first
portion 20p is not more than %4 of the thickness of the second
portion 20g, for example.

[0225] A fourth sample S04 will now be described. In the
fourth sample S04, the boron concentration in the first
portion 20p of the second magnetic layer 20 is set lower than
the boron concentration in the second portion 204.

[0226] The material and thickness of the layers included in
the fourth sample S04 are as follows:

[0227] The underlayer 10/: Ta (1 nm)/Ru (2 nm)
[0228] The pinning layer 10p: Ir,,Mn. ¢ (7 nm)
[0229] The second magnetization pinned layer 102:

Co,sFe,s (2.5 nm)

[0230] The magnetic coupling layer 10¢: Ru (0.9 nm)
[0231] The first magnetization pinned layer 10a:
Coley B,y (3 nm)

[0232] The spacer layer 30: Mg—O (1.6 nm)

[0233] The second magnetic layer 20: CosyFes,, (0.5 nm)/
Cooley By, (8 nm)

[0234] The functional layer 25: Mg—O (1.5 nm)
[0235] The cap layer 26¢: Cu (1 nm)/Ta (2 nm)/Ru (5 nm)
[0236] In the fourth sample S04, CosFes, (0.5 nm)/

CoyoFe, B, (8 nm) is used as the magnetization free layer,
and the first portion 20p with a low boron concentration and
the second portion 20¢ with a high boron concentration are
provided in the magnetization free layer.
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[0237] Investigation results of the fourth sample S04 will
now be described.

[0238] FIG. 15 is a microscope photographic image illus-
trating characteristics of a strain sensing element.

[0239] FIG. 15 is a cross-sectional transmission electron
microscope photographic image of the strain sensing ele-
ment of the fourth sample S04.

[0240] As can be seen from FIG. 15, in the second
magnetic layer 20, the first portion 20p on the spacer layer
30 side has a crystal structure. It is found that the second
portion 204 on the functional layer 25 side has an amorphous
structure.

[0241] FIG. 16A and FIG. 16B are schematic diagrams
illustrating characteristics of the strain sensing element.
[0242] FIG. 16B corresponds to part of FIG. 15A.
[0243] FIG. 16A is investigation results of the depth
profile of elements of the fourth sample S04 obtained by
EELS. FIG. 16A shows the depth profile of elements on line
L3 shown in FIG. 15A.

[0244] As can be seen from FIG. 16A, it is found that
boron of the magnetization free layer (the second magnetic
layer) is not diffused to other layers but remains in the
magnetization free layer by providing the functional layer
25, similarly to the first sample S01. The EELS intensity of
boron in the first portion 20p on the spacer layer 30 side of
the magnetization free layer is lower than the EELS intensity
of boron in the second portion 204 on the functional layer 25
side.

[0245] The MR ratio of the fourth sample S04 is 187%.
The MR ratio of the fourth sample S04 is higher than the MR
ratio of the first sample S01. The MR ratio is improved in the
fourth sample S04. This is presumed to be due to the fact that
the first portion 20p having crystallinity is provided on the
spacer layer 30 (a Mg—O layer) side. In the fourth sample
S04, the gauge factor can be improved by the high MR ratio.
[0246] In the fourth sample S04, the magnetostriction is
20 ppm, and the coercivity is 3.8 Oe. From the results, even
when the first portion 20p having crystallinity is provided, a
low coercivity can be achieved by providing the second
portion 204 of an amorphous structure. The magnetic prop-
erties in the second magnetic layer 20 are the sum of the
magnetic properties of the first portion 20p and the magnetic
properties of the second portion 20g, for example.

[0247] For the functional layer 25, an oxide material or a
nitride material is used. In the oxide material or the nitride
material, atoms are chemically bonded. Therefore, the effect
of suppressing the diffusion of boron is high. A Mg—O layer
with a thickness of 2.0 nm may be used as the functional
layer 25, for example.

[0248] As the oxide material or the nitride material used
for the functional layer 25, an oxide material including at
least one element selected from the first group consisting of
Mg, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Mo,
Ru, Rh, Pd, Ag, Hf, Ta, W, Sn, Cd, and Ga or a nitride
material including at least one element selected from the first
group may used, as described above.

[0249] The functional layer 25 does not contribute to the
magnetoresistance effect. Hence, the resistance-area product
(RA) of the functional layer 25 is preferably low. The
resistance-area product (RA) of the functional layer 25 is
preferably lower than the resistance-area product (RA) of
the spacer layer 30 contributing to the magnetoresistance
effect, for example. For the functional layer 25, an oxide
including at least one element selected from the group
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consisting of Mg, Ti, V, Zn, Sn, Cd, and Ga or a nitride
including the element is used, for example. The barrier
height of oxides or nitrides of these elements is low. The
resistance-area product (RA) of the functional layer 25 can
be reduced by using an oxide or a nitride of these elements.

[0250] Tt is more preferable to use an oxide for the
functional layer 25. Chemical bonds in oxides are stronger
than chemical bonds in nitrides. The diffusion of boron can
be suppressed more effectively by using an oxide for the
functional layer 25, for example.

[0251] In the specification of this application, oxynitrides
are included in either of oxides and nitrides. In the case
where the ratio of oxygen is higher than the ratio of nitrogen
in an oxynitride, the oxynitride can be included in oxides, for
example. In the case where the ratio of nitrogen is higher
than the ratio of oxygen in an oxynitride, the oxynitride can
be included in nitrides, for example.

[0252] In the case where an oxide or a nitride is used for
the functional layer 25, the thickness of the functional layer
25 1s preferably 0.5 nm or more. Thereby, the diffusion of
boron is suppressed effectively, for example. The thickness
of the functional layer 25 is preferably 5 nm or less. Thereby,
the resistance-area product (RA) can be reduced, for
example. The thickness of the functional layer 25 is prefer-
ably not less than 0.5 nm and not more than 5 nm, and more
preferably not less than 1 nm and not more than 3 nm. The
thickness of the functional layer 25 may be 2 nm or more.

[0253] Another metal layer or the like may be interposed
between the second magnetic layer 20 and the functional
layer 25. If the distance between the second magnetic layer
20 and the functional layer 25 is too long, boron may be
diffused in the region between them, and the boron concen-
tration of the second magnetic layer 20 may be reduced, for
example. The distance between the second magnetic layer
20 and the functional layer 25 is preferably 10 nm or less,
and more preferably 3 nm or less, for example.

[0254] FIG. 17A to FIG. 17E are schematic views illus-
trating other strain sensing elements according to the first
embodiment.

[0255] As shown in FIG. 17A, in a strain sensing element
52a according to the embodiment, a magnetic layer 27 is
further provided. The functional layer 25 is disposed
between the magnetic layer 27 and the second magnetic
layer 20. The magnetization of the magnetic layer 27 (the
direction thereof) is variable. The material and configuration
described in regard to the second magnetic layer 20 may be
used for the magnetic layer 27. The magnetic layer 27 and
the second magnetic layer 20 may be integrated together to
function as a magnetization free layer.

[0256] When the magnetic layer 27 and the second mag-
netic layer 20 are regarded as a magnetization free layer, the
functional layer 25 can be regarded as being provided in the
magnetization free layer. Also in this case, by the functional
layer 25, the diffusion of boron from the second magnetic
layer 20 can be suppressed, and a small coercivity He is
obtained. Although it is presumed that in the magnetic layer
27 boron is diffused and an increase in coercivity He occurs,
the coercivity He as the whole magnetization free layer can
be kept small. Thus, the functional layer 25 may be provided
in the magnetization free layer. In the case where the
functional layer 25 is provided in the magnetization free
layer, a stacked film including a plurality of layers may be
used as the functional layer 25.
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[0257] As shown in FIG. 17B to FIG. 17E, in strain
sensing elements 525 to 52¢ according to the embodiment,
the functional layer 25 is provided in the second magnetic
layer 20. Also in this case, a high gauge factor is obtained.
[0258] In the strain sensing element 52¢ illustrated in FIG.
17C, two functional layers 25 are provided in the second
magnetic layer 20. The number of functional layers 25 may
be 3 or more.

[0259] In the strain sensing element 524 illustrated in FIG.
17D, one functional layer 25 is provided on the cap layer
side. Furthermore, a functional layer 25 is provided in the
second magnetic layer 20.

[0260] In the strain sensing element 52 illustrated in FIG.
17E, one functional layer 25 is provided on the cap layer
side. Furthermore, a plurality of functional layers 25 are
provided in the second magnetic layer 20. The number of
functional layers 25 may be 3 or more.

[0261] As shown in FIGS. 17A to 17E, the MR ratio in the
first portion 20p can be improved by reducing the boron
concentration CB in the first portion 20p of the second
magnetic layer 20 (a portion on the spacer layer 30 side).
Thereby, the change in electric resistance R with respect to
the change in magnetization direction can be increased, and
a high gauge factor can be obtained. On the other hand, by
increasing the boron concentration CB in the second portion
20g (a portion away from the spacer layer 30), the coercivity
Hc can be reduced in the second portion 20¢, and the
coercivity He of the whole second magnetic layer 20 can be
reduced. As shown in FIGS. 17C to 17E, in the case where
there are a plurality of functional layers 25, a layer in the
second magnetic layer 20 that is located farther from the
spacer layer than the first portion 20p and located further to
the spacer layer 30 side than any one of the plurality of
functional layers 25 can be regarded as the second portion
20g.

[0262] As mentioned above, the functional layer 25 may
be provided in the magnetization free layer. In this case, the
diffusion of boron in a portion of the magnetization free
layer located between the functional layer 25 and the spacer
layer 30 can be suppressed. Thereby, a small coercivity He
is obtained. That is, the coercivity He of the whole magne-
tization free layer can be kept small. In the case where the
functional layer 25 is provided in the magnetization free
layer, a plurality of functional layers 25 may be provided.
[0263] FIG. 18A to FIG. 18C are schematic diagrams
illustrating other strain sensing elements according to the
first embodiment.

[0264] FIG. 18A is a schematic cross-sectional view
showing a strain sensing element 52/ according to the
embodiment. FIG. 18B illustrates the distribution of boron
concentration in the strain sensing element 52/

[0265] As shown in FIG. 18A, the second magnetic layer
20 includes a magnetic film 21a, a magnetic film 215, and
a nonmagnetic film 21c. The nonmagnetic film 21c¢ is
disposed between the magnetic film 21a and the magnetic
film 215. The magnetic film 21a is disposed between the
second magnetic film 215 and the spacer layer 30. A
nonmagnetic material is used for the nonmagnetic film 21c.
[0266] For the magnetic film 21a, Co,,Fe, B, is used, for
example. The thickness of the magnetic film 21a is 1.5 nm
or more, and is 2.5 nm, for example. For the magnetic film
21b, Co,sFessB;, is used, for example. The thickness of the
magnetic film 215 is not less than 3 nm and not more than
5 nm, for example. For the nonmagnetic film 21¢, Ru is



US 2018/0116535 Al

used, for example. The thickness of the nonmagnetic film
21c is not less than 0.4 nm and not more than 1.2 nm.
[0267] The magnetization of the magnetic film 215 and the
magnetization of the magnetic film 21a work together. The
magnetic film 215 and the magnetic film 21¢ work in an
integrated manner. The stacked body of the magnetic film
21a, the magnetic film 215, and the nonmagnetic film 21c¢
forms a magnetization free layer. When the thickness of the
nonmagnetic film 21c is, for example, approximately 1.2 nm
or less, the magnetization of the magnetic film 215 and the
magnetization of the magnetic film 21e work together.
[0268] FIG. 18C is a schematic cross-sectional view
showing a strain sensing element 52g according to the
embodiment.

[0269] As shown in FIG. 18C, the second magnetic layer
20 includes the magnetic film 21a, the nonmagnetic film
21¢, the magpetic film 215, a nonmagnetic film 21e, and a
magnetic film 21d. These films are stacked in this order. The
configuration described in regard to the magnetic film 21a
may be used for the magnetic film 21d, for example. The
configuration described in regard to the nonmagnetic film
21¢ may be used for the nonmagnetic film 21e. Thus, a
plurality of nonmagnetic films may be provided in the
second magnetic layer 20. The number of nonmagnetic films
in the second magnetic layer 20 may be 3 or more.

[0270] In the embodiment, the spacer layer 30 may have
a stacked structure. The spacer layer 30 may include a first
nonmagnetic film and a second nonmagnetic film, for
example. The second nonmagnetic film is provided between
the first nonmagnetic film and the second magnetic layer 20.
A Mg—O film is provided in the first nonmagnetic film, for
example. A film with a higher Mg concentration than the first
nonmagnetic film is used as the second nonmagnetic film.
[0271] FIG. 19 is a schematic perspective view illustrating
another strain sensing element according to the first embodi-
ment.

[0272] As illustrated in FIG. 19, an insulating layer 35 is
provided in a strain sensing element 53 according to the
embodiment. The insulating layer 35 (an insulating portion)
is provided between the first electrode E1 and the second
electrode E2, for example. The insulating layer 35 surrounds
the stacked body 10s between the first electrode E1 and the
second electrode E2. The insulating layer 35 is provided to
oppose the side wall of the stacked body 10s.

[0273] For the insulating layer 35, an aluminum oxide (for
example, Al,0,), a silicon oxide (for example, SiO,), or the
like may be used, for example. By the insulating layer 35,
leakage current around the stacked body 10s can be sup-
pressed.

[0274] FIG. 20 is a schematic perspective view illustrating
another strain sensing element according to the first embodi-
ment.

[0275] As illustrated in FIG. 20, a hard bias layer 36 is
further provided in a strain sensing element 54 according to
the embodiment. The hard bias layer 36 (a hard bias portion)
is provided between the first electrode E1 and the second
electrode E2. The insulating layer 35 is disposed between
the hard bias layer 36 and the stacked body 10s, for example.
In this example, the insulating layer 35 extends between the
hard bias layer 36 and the first electrode E1.

[0276] By the magnetization of the hard bias layer 36, at
least one of the magnetization 10m of the first magnetic layer
10 and the magnetization 20m of the second magnetic layer
20 is set to a desired direction. By the hard bias layer 36, at
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least one of the magnetization 10m and the magnetization
20m can be set to a desired direction in a state where no force
is applied to the strain sensing element.

[0277] For the hard bias layer 36, a hard ferromagnetic
material with a relatively high magnetic anisotropy such as
CoPt, CoCrPt, and FePt is used, for example. As the hard
bias layer 36, a structure in which a layer of a soft magnetic
material such as FeCo and Fe and an antiferromagnetic layer
are stacked may be used. In this case, the magnetization runs
along a prescribed direction due to an exchange coupling.
The thickness (for example, the length along the direction
from the first electrode E1 toward the second electrode E2)
of the hard bias layer 36 is not less than 5 nm and not more
than 50 nm, for example.

[0278] The hard bias layer 36 and the insulating layer 35
mentioned above can be used for any one of the strain
sensing elements described above and below.

[0279] FIG. 21 is a schematic perspective view illustrating
another strain sensing element according to the first embodi-
ment.

[0280] As shown in FIG. 21, another strain sensing ele-
ment 55a according to the embodiment includes the first
electrode E1 (for example, a lower electrode), the underlayer
10/, the functional layer 25, the second magnetic layer 20 (a
magnetization free layer), the spacer layer 30, the first
magnetization pinned layer 10a, the magnetic coupling layer
10c, the second magnetization pinned layer 105, the pinning
layer 10p, the cap layer 26¢, and the second electrode E2 (for
example, an upper electrode) that are sequentially aligned.
The strain sensing element 554 is a top spin valve type.
[0281] As the underlayer 10/, Ta/Cu is used, for example.
The thickness of the Ta layer is 3 nm, for example. The
thickness of the Ru layer is 5 nm, for example.

[0282] As the functional layer 25, Mg—O is used, for
example. The thickness of the Mg—O layer is 1.5 nm, for
example.

[0283] As the second magnetic layer 20, Co, Fe,,B,, is
used, for example.

[0284] The thickness of the Co,,Fe,,B,, layer is 4 nm, for
example.
[0285] As the spacer layer 30, a Mg—O layer with a

thickness of 1.6 nm is used, for example.

[0286] As the first magnetization pinned layer 10a,
CooFe o B,o/FesCos, is used, for example. The thickness
of the Co,Fe, B, layer is 2 nm, for example. The thickness
of the Fe5,Cos,, layer is 1 nm, for example.

[0287] As the magnetic coupling layer 10c, a Ru layer
with a thickness of 0.9 nm is used, for example.

[0288] As the second magnetization pinned layer 105, a
Co,sFe,s layer with a thickness of 2.5 nm is used, for
example.

[0289] As the pinning layer 10p, an IrMn layer with a
thickness of 7 nm is used, for example.

[0290] As the cap layer 26¢, Ta/Ru is used. The thickness
of the Ta layer is 1 nm, for example. The thickness of the Ru
layer is 5 nm, for example.

[0291] The material described in regard to the strain
sensing element 51 may be used for the layers included in
the strain sensing element 55a, for example.

[0292] FIG. 22 is a schematic perspective view illustrating
another strain sensing element according to the first embodi-
ment.

[0293] As shown in FIG. 22, another strain sensing ele-
ment 55b according to the embodiment includes the first
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electrode E1 (for example, a lower electrode), the underlayer
10/, the pinning layer 10p, the first magnetic layer 10, the
spacer layer 30, the second magnetic layer 20, the functional
layer 25, the cap layer 26¢, and the second electrode E2 (for
example, an upper electrode) that are sequentially aligned. A
single pin structure using a single magnetization pinned
layer is used in the strain sensing element 555.

[0294] As the underlayer 10/, Ta/Ru is used, for example.
The thickness of the Ta layer is 3 nm, for example. The
thickness of the Ru layer is 2 nm, for example.

[0295] As the pinning layer 10p, an IrMn layer with a
thickness of 7 nm is used, for example.

[0296] As the first magnetic layer 10, a Co,Fe, B, layer
with a thickness of 3 nm is used, for example.

[0297] As the spacer layer 30, a Mg—O laver with a
thickness of 1.6 nm is used, for example.

[0298] As the second magnetic layer 20, Co,Fe, B, is
used, for example. The thickness of the Co,,Fe, B, layeris
4 nm, for example.

[0299] As the functional layer 25, a Mg—O layer with a
thickness of 1.5 nm is used, for example.

[0300] As the cap layer 26¢, Ta/Ru is used, for example.
The thickness of the Ta layer is 1 nm, for example. The
thickness of the Ru layer is 5 nm, for example.

[0301] The material described in regard to the strain
sensing element 51 may be used for the layers included in
the strain sensing element 55b, for example.

[0302] FIG. 23 is a schematic perspective view illustrating
another strain sensing element according to the first embodi-
ment.

[0303] As shown in FIG. 23, another strain sensing ele-
ment 55b according to the embodiment includes the first
electrode E1 (for example, a lower electrode), the underlayer
10/, another functional layer 254 (a second functional layer),
the first magnetic layer 10, the spacer layer 30, the second
magnetic layer 20, the functional layer 25 (a first functional
layer), the cap layer 26¢, and the second electrode E2 (for
example, an upper electrode) that are sequentially aligned.
In this example, the first magnetic layer 10 is a magnetiza-
tion free layer, and also the second magnetic layer 20 is a
magnetization free layer.

[0304] As the underlayer 10/, Ta/Ru is used, for example,
The thickness of the Ta layer is 3 nm, for example. The
thickness of the Ru layer is 5 nm, for example.

[0305] As the functional layer 25a, a Mg—O layer with a
thickness of 1.5 nm is used, for example.

[0306] As the first magnetic layer 10, a Co,oFe, B, layer
with a thickness of 4 nm is used, for example.

[0307] As the spacer layer 30, a Mg—O layer with a
thickness of 1.6 nm is used, for example.

[0308] As the second magnetic layer 20, Co,Fe, By, is
used, for example. The thickness of the Co,,Fe, B, layer is
4 nm, for example.

[0309] As the functional layer 25, a Mg—O layer with a
thickness of 1.5 nm is used, for example.

[0310] As the cap layer 26¢, Ta/Ru is used, for example.
The thickness of the Ta layer is 1 nm, for example. The
thickness of the Ru layer is 5 nm, for example.

[0311] The material described in regard to the strain
sensing element 51 may be used for the layers included in
the strain sensing element 53¢, for example. The material
and configuration described in regard to the second magnetic
layer 20 in the stain sensing element 51 may be used for the
first magnetic layer 10 in the strain sensing element 55¢. The
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material and configuration described in regard to the func-
tional layer 25 in the strain sensing element 51 may be used
for the functional layer 254 in the strain sensing element
55¢.

[0312] In this example, the first magnetic layer 10 may be
regarded as the second magnetic layer 20, and the functional
layer 25 may be regarded as the functional layer 25a.
[0313] In the case where two magnetization free layers are
provided like the strain sensing element 55¢, the relative
angle between the magnetizations of the two magnetization
free layers changes in accordance with the strain &. Thereby,
the element can be made to function as a strain sensor. In this
case, the value of the magpetostriction of a second magne-
tization free layer and the value of the magnetostriction of a
first magnetization free layer may be designed so as to be
different from each other. Thereby, the relative angle
between the magnetizations of the two magnetization free
layers changes in accordance with the strain &.

Second Embodiment

[0314] FIG. 24 is a schematic cross-sectional view illus-
trating a strain sensing element according to a second
embodiment.

[0315] As shown in FIG. 24, also a strain sensing element
56 according to the embodiment includes a functional layer
25x, the first magnetic layer 10, the second magnetic layer
20, and the spacer layer 30. The arrangement of these layers
is the same as the arrangement described in regard to the first
embodiment, and a description is omitted.

[0316] In the embodiment, the material used for the func-
tional layer 25x is different from the material used for the
functional layer 25 described in regard to the first embodi-
ment. Otherwise, the embodiment is similar to the first
embodiment. Examples of the functional layer 25x will now
be described.

[0317] In the strain sensing element 56, for the functional
layer 25x, at least one selected from the group consisting of
magnesium (Mg), silicon (8i), and aluminum (Al) is used,
for example. For the functional layer 25x, a material includ-
ing these light elements is used. These light elements
combine with boron to produce compounds. At least one of
a Mg—B compound, an Al—B compound, and a Si—B
compound is formed in a portion including the interface with
the second magnetic layer 20 of the functional layer 25x, for
example. These compounds suppress the diffusion of boron.
[0318] In the embodiment, by providing the functional
layer 25x, the diffusion of boron included in the second
magnetic layer 20 can be suppressed, and the amorphous
structure of the second magnetic layer 20 can be maintained.
Consequently, a high gauge factor can be obtained.

[0319] Also in the strain sensing element 56 according to
the embodiment, the first magnetic layer 10 may include the
second magnetization pinned layer 105, the magnetic cou-
pling layer 10¢, and the first magnetization pinned layer 10a
described in regard to FIG. 3.

[0320] Characteristics of strain sensing elements accord-
ing to the embodiment will now be described.

[0321] The configuration of a fifth sample is as follows:
[0322] The underlayer 10/: Ta (1 nm)/Ru (2 nm)

[0323] The pinning layer 10p: Ir;,Mn,q (7 nm)

[0324] The second magnetization pinned layer 105:

Co.sFe,s (2.5 nm)
[0325] The magnetic coupling layer 10c: Ru (0.9 nm)
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[0326] The first magnetization pinned layer 10a:

CoyFe By, (3 nm)

[0327] The spacer layer 30: Mg—O (1.6 nm)

[0328] The second magnetic layer 20: Co,Fe, B, (4 nm)
[0329] The functional layer 25x: Mg (1.6 nm)

[0330] The cap layer 26¢: Cu (1 nm)/Ta (20 nm)/Ru (50
nm)

[0331] That is, in the fifth sample, a Mg layer with a

thickness of 1.6 nm is used as the functional layer 25x.
[0332] On the other hand, in a sixth sample, a Silayer with
a thickness of 0.8 nm is used as the functional layer 25x.
[0333] In aseventh sample, the functional layer 25x is not
provided. In the seventh sample, the second magnetic layer
20 is in contact with the cap layer 26¢. The seventh sample
is the same as the second sample S02.

[0334] Characteristics of these samples have been inves-
tigated similarly to those described in regard to the first
sample. The results are as follows.

[0335] In the fifth sample, the MR is 126%, the coercivity
Hc is 2.3 Oe, the magnetostriction constant A is 21 ppm, and
the gauge factor is 2861.

[0336] In the sixth sample, the MR is 104%, the coercivity
Hc is 3.8 Oe, the magnetostriction constant A is 19 ppm, and
the gauge factor is 2091.

[0337] In the seventh sample, the MR is 190%, the coer-
civity He is 27 Oe, the magnetostriction constant A is 30
ppm, and the gauge factor is 895.

[0338] Thus, a high gauge factor is obtained by using the
functional layer 25x.

[0339] The diffusion of boron from the second magnetic
layer 20 can be suppressed by providing the functional layer
25x mentioned above on the second magnetic layer 20
including boron. Consequently, a small coercivity He and a
large magnetostriction constant A are obtained. Thereby, a
high gauge factor is obtained.

[0340] Characteristics of other strain sensing elements
according to the embodiment will now be described.

[0341] The configuration of an eighth sample is as fol-
lows:

[0342] The underlayer 10/: Ta (1 nm)/Ru (2 nm)

[0343] The pinning layer 10p: Ir,,Mn,¢ (7 nm)

[0344] The second magnetization pinned layer 1054:

Co,sFe,s (2.5 nm)
[0345] The magnetic coupling layer 10¢: Ru (0.9 nm)

[0346] The first magnetization pinned layer 10a:
Coley B, (3 nm)

[0347] The spacer layer 30: Mg—O (2 nm)

[0348] The second magnetic layer 20: described later
[0349] The cap layer 26¢: Ta (20 nm)/Ru (50 nm)
[0350] In the eighth sample, the stacked film of the second

magnetic layer 20 that forms a magnetization free layer and
the functional layer 25x has the following configuration.
Co,Fe, B,, (4 nm)/three layers of the combination of
{Co,0Fes0B,0 (1 nm)/Si (0.25 nm)}/CoyoFeqoBso (1 nm) is
used as the stacked film. The layer of Co,Fe,,B,, (4 nm) of
the stacked film is regarded as the second magnetic layer 20,
for example. At least one of the three Si (0.25 nm) layers of
the stacked film is regarded as the functional layer 25x.

[0351] In a ninth sample, the stacked film of the second
magnetic layer 20 that forms a magnetization free layer and
the functional layer 25x has the following configuration.
CoyoFe o Byo (4 nm)/three layers of the combination of
{Co,yFe B, (1 nm)/ Al (0.25 nm)}/Co,Fe, B, (1 nm) is
used as the stacked film. The layer of Co o Fe,oBsg (4 nm) of
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the stacked film is regarded as the second magnetic layer 20,
for example. At least one of the three Al (0.25 nm) layers of
the stacked film is regarded as the functional layer 25x. In
the ninth sample, the configuration excluding the second
magnetic layer 20 and the functional layer 25x is similar to
the eighth sample.

[0352] In a tenth sample, Co,ole, B,, (4 nm) is used as
the second magnetic layer 20 that forms a magnetization free
layer. The functional layer 25x is not provided. In the tenth
sample, the configuration excluding the second magnetic
layer 20 and the functional layer 25x is similar to the eighth
sample. That is, the tenth sample is the same as the second
sample S02 mentioned above.

[0353] Characteristics of these samples have been inves-
tigated similarly to those described in regard to the first
embodiment. The results are as follows.

[0354] 1In the eighth sample, the MR is 176%, the coerci-
vity He is 4.8 Oe, the magnetostriction constant A is 22 ppm,
and the gauge factor is 2849.

[0355] Inthe ninth sample, the MR is 169%, the coercivity
Hc is 7.1 Oe, the magnetostriction constant A is 20 ppm, and
the gauge factor is 2195.

[0356] In the tenth sample (the seventh sample), the MR
is 190%, the coercivity Hc is 27 Oe, the magnetostriction
constant A is 30 ppm, and the gauge factor is 895.

[0357] Thus, a high gauge factor is obtained by using the
functional layer 25x.

[0358] Thus, the diffusion of boron from the magnetiza-
tion free layer can be suppressed by interposing a layer of a
material including at least one light element selected from
the group consisting of Mg, Al, and Si in the magnetization
free layer including boron. Consequently, a small coercivity
Hc and a large magnetostriction constant A are obtained.
Thereby, a high gauge factor is obtained.

[0359] In the embodiment, in the case where a material
including at least one selected from the group consisting of
Mg, Al, and Si is used as the functional layer 25x, the
thickness of the functional layer 25x is preferably 0.5 nm or
more, for example. Thereby, the diffusion of boron is sup-
pressed effectively, for example. The thickness of the func-
tional layer 25x is preferably 5 nm or less. Thereby, the
diffusion of the surplus Mg, Al, or Si to the second magnetic
layer 20 can be suppressed, for example. The thickness of
the functional layer 25x is preferably not less than 0.5 nm
and not more than 5 nm, and preferably not less than 1 nm
and not more than 3 nm. The thickness of the functional
layer 25x may be 2 nm or more.

[0360] Another metal layer or the like may be interposed
between the functional layer 25x and the second magnetic
layer 20. If the distance between the functional layer 25x and
the second magnetic layer 20 is too long, boron may be
diffused in the region between them, and the boron concen-
tration in the second magnetic layer 20 may be reduced. The
distance between the functional layer 25x and the second
magnetic layer 20 is preferably 10 nm or less, and more
preferably 3 nm or less, for example.

[0361] The functional layer 25x may be provided in the
magnetization free layer as mentioned above. In this case,
the diffusion of boron in a portion of the magnetization free
layer located between the functional layer 25x and the spacer
layer 30 can be suppressed. Thereby. a small coercivity He
is obtained. That is, the coercivity He of the whole magne-
tization free layer can be kept small. In the case where the
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functional layer 25x is provided in the magnetization free
layer, a plurality of functional layers 25x may be provided.

Third Embodiment

[0362] The embodiment relates to a pressure sensor. In the
pressure sensor, a strain sensing element of at least one of
the first embodiment and the second embodiment and modi-
fications thereof is used. In the following, the case where the
strain sensing element 50 is used as the strain sensing
element is described.

[0363] FIG. 25A and FIG. 25B are schematic perspective
views illustrating a pressure sensor according to a third
embodiment.

[0364] FIG. 25A is a schematic perspective view. FIG.
25B is a cross-sectional view taken along line A1-A2 of FIG.
25A.

[0365] As shown in FIG. 25A and FIG. 25B, the pressure
sensor 110 according to the embodiment includes the film
unit 70 and the strain sensing element 50.

[0366] The film unit 70 is supported by a support 70s, for
example. The support 70s is a substrate, for example. The
film unit 70 has a flexible region, for example. The film unit
70 is a diaphragm, for example. The film unit 70 may be
integrated with or separated from the support 70s. For the
film unit 70, the same material as the support 70s may be
used, or a different material from the support 70s may be
used. Part of a substrate that forms the support 70s may be
removed, and a portion of the substrate with a smaller
thickness may form the film unit 70.

[0367] The thickness of the film unit 70 is smaller than the
thickness of the support 70s. In the case where the same
material is used for the film unit 70 and the support 70s and
they are integrated together, a portion with a smaller thick-
ness forms the film unit 70, and a portion with a larger
thickness forms the support 70s.

[0368] The support 70s may have a through hole 707
penetrating through the support 70s in the thickness direc-
tion, and the film unit 70 may be provided so as to cover the
through hole 70%. At this time, the film of the material that
forms the film unit 70 may extend also on a portion other
than the through hole 70/ of the support 70s, for example.
At this time, of the film of the material that forms the film
unit 70, a portion overlapping with the through hole 707
forms the film unit 70.

[0369] The film unit 70 has an outer edge 70r. In the case
where the same material is used for the film unit 70 and the
support 70s and they are integrated together, the outer edge
of the portion with a smaller thickness is the outer edge 70
of the film unit 70. In the case where the support 70s has the
through hole 70/% penetrating through the support 70s in the
thickness direction and the film unit 70 is provided so as to
cover the through hole 704, the outer edge of the portion
overlapping with the through hole 70% of the film of the
material that forms the film unit 70 is the outer edge 70 of
the film unit 70.

[0370] The support 70s may continuously support the
outer edge 707 of the film unit 70, and may support part of
the outer edge 70r of the film unit 70.

[0371] The strain sensing element 50 is provided on the
film unit 70. The strain sensing element 50 is provided on
part of the film unit 70, for example. In this example, a
plurality of strain sensing elements 50 are provided on the
film unit 70. The number of strain sensing elements provided
on the film unit may be one.
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[0372] As shown in FIG. 25B, in the strain sensing ele-
ment 50, the first magnetic layer 10 is disposed between the
functional layer 25 and the film unit 70, for example. The
first magnetic layer 10 is disposed between the second
magnetic layer 20 and the film unit 70.

[0373] In this example, a first interconnection 61 and a
second interconnection 62 are provided. The first intercon-
nection 61 is connected to the strain sensing element 50. The
second interconnection 62 is connected to the strain sensing
element 50. An interlayer insulation film is provided
between the first interconnection 61 and the second inter-
connection 62, and the first interconnection 61 and the
second interconnection 62 are electrically insulated, for
example. A voltage is applied between the first interconnec-
tion 61 and the second interconnection 62, and the voltage
is applied to the strain sensing element 50 via the first
interconnection 61 and the second interconnection 62. When
a pressure is applied to the pressure sensor 110, the film unit
70 is deformed. In the strain sensing element 50, the electric
resistance R changes in accordance with the deformation of
the film unit 70. The pressure can be sensed by sensing the
change in electric change R via the first interconnection 61
and the second interconnection 62.

[0374] As the support 70s, a plate-like substrate may be
used, for example. A hollow portion 71/ (the through hole
70%) 1s provided in the substrate, for example.

[0375] For the support 70s, a semiconductor material such
as silicon, a conductive material such as a metal, or an
insulating material may be used, for example. The support
70s may include silicon oxide, silicon nitride, or the like, for
example. The interior of the hollow portion 71% is in a
reduced pressure state (vacuum state), for example. The
interior of the hollow portion 71/ may be filled with a gas
such as air or a liquid. The interior of the hollow portion 71/
is designed so that the film unit 70 can bend. The interior of
the hollow portion 71/ may be connected to the outside air.
[0376] The film unit 70 is provided on the hollow portion
71h. As the film unit 70, a portion thinned by processing of
a substrate that forms the support 70s is used, for example.
The thickness (the length in the Z-axis direction) of the film
unit 70 is smaller than the thickness (the length in the Z-axis
direction) of the substrate.

[0377] When a pressure is applied to the film unit 70, the
film unit is deformed. The pressure corresponds to the
pressure that is to be sensed by the pressure sensor 110. The
applied pressure includes pressure caused by sound waves,
ultrasonic waves, or the like. In the case of sensing pressure
caused by sound waves, ultrasonic waves, or the like, the
pressure sensor 110 functions as a microphone.

[0378] For the film unit 70, an insulating material is used,
for example. The film unit 70 includes at least one of silicon
oxide, silicon nitride, and silicon oxynitride, for example. A
semiconductor material such as silicon may be used for the
film unit 70, for example. A metal material may be used for
the film unit 70, for example.

[0379] The thickness of the film unit 70 is not less than 0.1
micrometers (um) and not more than 3 um, for example. The
thickness is preferably not less than 0.2 pm and not more
than 1.5 um. A stacked body including a silicon oxide film
with a thickness of 0.2 pm and a silicon film with a thickness
of 0.4 pm may be used as the film unit 70, for example.
[0380] A plurality of strain sensing elements 50 may be
arranged on the film unit 70. A substantially equal change in
electric resistance with respect to the pressure can be
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obtained in the plurality of strain sensing elements 50. As
described later, the S/N ratio can be increased by connecting
a plurality of strain sensing elements 50 in series or in
parallel.

[0381] The size of the strain sensing element 50 may be
very small. The area of the strain sensing element 50 may be
sufficiently smaller than the area of the film unit 70 that is
deformed by pressure. The area of the strain sensing element
50 may be not more than % of the area of the film unit 70,
for example.

[0382] When the diameter of the film unit 70 is approxi-
mately 60 pm, the dimension of the strain sensing element
50 may be 12 um or less, for example. When the diameter
of the film unit 70 is approximately 600 um, the dimension
of the strain sensing element 50 may be 120 um or less, for
example. In view of the processing accuracy of the strain
sensing element 50 etc., it is not necessary to set the
dimension of the strain sensing element 50 too small. Thus,
the dimension of the strain sensing element 50 may be set
not less than 0.05 wm and not more than 30 um, for example.
[0383] In this example. the planar shape of the film unit 70
is a circle. The planar shape of the film unit 70 may be also
an ellipse (for example, a flat circle), a square, a rectangle,
a polygon, or a regular polygon, for example.

[0384] FIG. 26A to FIG. 26C are schematic diagrams
illustrating pressure sensors according to the embodiment.
The drawings show examples of the connection state of a
plurality of sensing elements.

[0385] As shown in FIG. 26A, in a pressure sensor 1164
according to the embodiment, a plurality of sensing ele-
ments 50 are electrically connected in series. When the
number of sensing elements 50 connected in series is
denoted by N, the electric signal obtained is N times of that
when the number of sensing elements 50 is one. On the other
hand, the thermal noise and the Schottky noise are N'?
times. That is, the S/N ratio (signal-noise ratio; SNR) is N'/2
times. By increasing the number N of sensing elements 50
connected in series, the S/N ratio can be improved without
increasing the size of the film unit 70.

[0386] A plurality of strain sensing elements 50 provided
on the film unit 70 may be electrically connected in series.
When the number of strain sensing elements 50 connected in
series is denoted by N, the electric signal obtained is N times
of that when the number of strain sensing elements 50 is one.
On the other hand, the thermal noise and the Schottky noise
are N2 times. That is, the S/N ratio (signal-noise ratio;
SNR) is N*/? times. By increasing the number N of strain
sensing elements 50 connected in series, the S/N ratio can be
improved without increasing the size of the film unit 70.
[0387] The bias voltage applied to one strain sensing
element is not less than 50 millivolts (mV) and not more
than 150 mV, for example. When N strain sensing elements
50 are connected in series, the bias voltage is not less than
50 mVxN and not more than 150 mVxN. When the number
N of strain sensing elements 50 connected in series is 25, the
bias voltage is not less than 1 V and not more than 3.75 V,
for example.

[0388] When the value of the bias voltage is 1 V or more,
the design of an electric circuit that processes the electric
signal obtained from the strain sensing element is easy, and
this is preferable in practical terms.

[0389] Bias voltages (inter-terminal voltages) exceeding
10 V are not preferable in the electric circuit that processes
the electric signal obtained from the strain sensing element.

May 3, 2018

In the embodiment, the number N of strain sensing elements
connected in series and the bias voltage are set so that an
appropriate voltage range is obtained.

[0390] The voltage when the plurality of strain sensing
elements are electrically connected in series is preferably not
less than 1 V and not more than 10 V, for example. The
voltage applied between the terminals of strain sensing
elements 50 electrically connected in series (between the
terminal of one end and the terminal of the other end) is not
less than 1 V and not more than 10 V, for example.

[0391] To generate this voltage, when the bias voltage
applied to one strain sensing element is S0 mV, the number
N of strain sensing elements 50 connected in series is
preferably not less than 20 and not more than 200. When the
bias voltage applied to one strain sensing element is 150 mV,
the number N of strain sensing elements connected in series
is preferably not less than 7 and not more than 66.

[0392] As shown in FIG. 26B, in a pressure sensor 1165
according to the embodiment, a plurality of sensing ele-
ments 50 are electrically connected in parallel. In the
embodiment, at least part of a plurality of strain sensing
elements 50 may be electrically connected in parallel.
[0393] As shown in FIG. 26C, in a pressure sensor 116¢
according to the embodiment, a plurality of strain sensing
elements 50 may be connected so as to form a Wheatstone
bridge circuit. Thereby, the temperature compensation of
detected characteristics can be made, for example.

[0394] A method for manufacturing a pressure sensor
according to the embodiment will now be described. The
following is a method for manufacturing a pressure sensor.
[0395] FIG. 27Ato FIG. 27E are schematic cross-sectional
views in order of the steps, illustrating a method for manu-
facturing a pressure sensor according to the embodiment.
[0396] As shown in FIG. 27A, a thin film 70fis formed on
a substrate 71 (for example, a Si substrate). The substrate 71
forms the support 70s. The thin film 70/ forms the film unit
70.

[0397] A thin film 70/ of SiO,/Si is formed by sputtering
on a Si substrate, for example. A SiO, single layer, a SIN
single layer, or a metal layer of Al or the like may be used
as the thin film 70/ A flexible plastic material such as a
polyimide and a paraxylene-based polymer may be used as
the thin film 707. An SOI (silicon on insulator) substrate may
be used as the substrate 71 and the thin film 70/ In the SOI,
a stacked film of SiO,/Si is formed on a Si substrate by
attaching the substrates, for example.

[0398] As shown in FIG. 27B, the second interconnection
62 is formed. In this process, a conductive film that forms
the second interconnection 62 is formed, and the conductive
film is processed by photolithography and etching. In the
case where the surroundings of the second interconnection
62 are filled with an insulating film, lift-off process may be
used. In the lift-off process, after the etching of the pattern
of the second interconnection 62 and before the peeling of
the resist, an insulating film is formed into a film over the
entire surface and then the resist is removed, for example.
[0399] As shown in FIG. 27C, strain sensing elements 50
are formed. In this process, a stacked film that forms the
strain sensing element 50 is formed, and the stacked film is
processed by photolithography and etching. In the case
where the space on the side wall of the stacked body 10s of
the strain sensing element 50 is filled with the insulating
layer 35, lift-off process may be used. In the lift-off process,
after the processing of the stacked body 10s and before the
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peeling of the resist, the insulating layer 35 is formed into a
film over the entire surface and then the resist is removed,
for example.

[0400] As shown in FIG. 27D, the first interconnection 61
is formed. In this process, a conductive film that forms the
first interconnection 61 is formed, and the conductive film is
processed by photolithography and etching. In the case
where the surroundings of the first interconnection 61 are
filled with an insulating film, lift-off process may be used. In
the lift-off process, after the processing of the first intercon-
nection 61 and before the peeling of the resist, an insulating
film is formed into a film over the entire surface and then the
resist is removed.

[0401] As shown in FIG. 27E, etching is performed from
the back surface of the substrate 71 to form the hollow
portion 71/. Thereby, the film unit 70 and the support 70s are
formed. In the case where a stacked film of SiO,/Si is used
as the thin film 70f'that forms the film unit 70, deep digging
processing of the substrate 71 is performed from the back
surface (the lower surface) toward the front surface (the
upper surface) of the thin film 70f, for example. Thereby, the
hollow portion 71/ is formed. In the formation of the hollow
portion 714, a both-surface aligner exposure apparatus may
be used, for example. Thereby, the hole pattern of the resist
can be formed on the back surface in accordance with the
position of the strain sensing element 50 on the front surface.
[0402] Inthe etching of the Si substrate, the Bosch process
using RIE may be used, for example. In the Bosch process,
an etching process using SF, gas and a deposition process
using C,F, gas are repeated, for example. Thereby, etching
is performed selectively in the depth direction of the sub-
strate 71 (the Z-axis direction) while the etching of the side
wall of the substrate 71 is suppressed. A SiO, layer is used
as the end point of the etching, for example. That is, the
etching is finished using a SiO, layer, which is different in
etching selectivity from Si. The Si0, layer functioning as an
etching stopper layer may be used as part of the film unit 70.
The Si0O, layer may be removed after the etching by treat-
ment with anhydrous hydrogen fluoride and an alcohol, or
the like, etc., for example.

[0403] Thus, the pressure sensor 110 according to the
embodiment is formed. Other pressure sensors according to
the embodiment can be manufactured by similar methods.
[0404] FIG. 28A to FIG. 28C are schematic diagrams
illustrating a pressure sensor according to the embodiment.
FIG. 28A is a schematic perspective view, and FIG. 28B and
FIG. 28C are block diagrams illustrating a pressure sensor
440.

[0405] As shown in FIG. 28A and FIG. 28B, in the
pressure sensor 440, a base 471, a sensing unit 450, a
semiconductor circuit unit 430, an antenna 415, an electric
interconnection 416, a transmitting circuit 417, and a receiv-
ing circuit 4177 are provided.

[0406] The antenna 415 is electrically connected to the
semiconductor circuit unit 430 via the electric interconnec-
tion 416.

[0407] The transmitting circuit 417 transmits data based
on an electric signal traveling through the sensing unit 450
wirelessly. At least part of the transmitting circuit 417 may
be provided in the semiconductor circuit unit 430.

[0408] The receiving circuit 417r receives a control signal
from an electronic device 4184d. At least part of the receiving
circuit 417 may be provided in the semiconductor circuit
unit 430. By providing the receiving circuit 417r, the
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operation of the pressure sensor 440 can be controlled by
operating the electronic device 4184, for example.

[0409] As shown in FIG. 28B, in the transmitting circuit
417, an A/D converter 417a connected to the sensing unit
450 and a Manchester encoding unit 4175 may be provided,
for example. A switching unit 417¢ may be provided to
switch between transmission and reception. In this case, a
timing controller 417d may be provided, and switching in
the switching unit 417¢ can be controlled by the timing
controller 417d. A data correction unit 417e, a synchroni-
zation unit 417f, a determination unit 417¢g, and a voltage-
controlled oscillator 4172 (VCO) may be further provided.
[0410] As shown in FIG. 28C, a receiving unit 418 is
provided in the electronic device 4184 used in combination
with the pressure sensor 440. As the electronic device 4184,
an electronic device such as a mobile terminal may be given,
for example.

[0411] In this case, the pressure sensor 440 including the
transmitting circuit 417 and the electronic device 4184
including the receiving unit 418 may be used in combina-
tion.

[0412] Inthe electronic device 4184, a Manchester encod-
ing unit 417b, a switching unit 417¢, a timing controller
417d, a data correction unit 417e, a synchronization umt
417/, a determination unit 417g, a voltage-controlled oscil-
lator 417/, a memory unit 418a, and a central processing
unit 4186 (CPU) may be provided.

[0413] In this example, the pressure sensor 440 further
includes a fixing unit 467. The fixing unit 467 fixes a film
unit 464 (70d) to the base 471. The fixing unit 467 may have
a larger thickness dimension than the film unit 464 so as to
bend less easily even when an external pressure is applied.
[0414] Fixing units 467 may be provided at equal intervals
at the edge of the film unit 464, for example.

[0415] The fixing unit 467 may be provided so as to
continuously surround the entire periphery of the film unit
464 (704).

[0416] The fixing unit 467 may be formed of the same
material as the material of the base 471, for example. In this
case, the fixing unit 467 may be formed of silicon or the like,
for example.

[0417] The fixing unit 467 may be formed of the same
material as the material of the film unit 464 (70d), for
example.

[0418] A method for manufacturing a pressure sensor
according to the embodiment will now be described.
[0419] FIG. 29A, FIG. 29B, FIG. 30A, FIG. 30B, FIG.
31A, FIG. 31B, FIG. 32A, FIG. 32B, FIG. 33A, FIG. 33B,
FIG. 34A, FIG. 34B, FIG. 35A, FIG. 35B, FIG. 36A, FIG.
36B, FIG. 37A, FIG. 37B, FIG. 38A, FIG. 38B, FIG. 39A,
FIG. 39B, FIG. 40A, and FIG. 40B are schematic views
illustrating a method for manufacturing a pressure sensor
according to the embodiment.

[0420] FIG. 29A to FIG. 40A are schematic plan views,
and FIG. 29B to FIG. 40B are schematic cross-sectional
views,

[0421] As shown in FIG. 29A and FIG. 29B, a semicon-
ductor layer 512M is formed on a surface portion of a
semiconductor substrate 531. Subsequently, an element iso-
lation insulating layer 5121 is formed on the upper surface of
the semiconductor layer 512M. Subsequently, a gate 512G is
formed on the semiconductor layer 512M via a not-shown
insulating layer. Subsequently, a source 512S and a drain
512D are formed on both sides of the gate 512G to form a
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transistor 532. Subsequently, an interlayer insulating film
514a is formed thereon, and an interlayer insulating film
514b is formed.

[0422] Subsequently, in the region that forms a non-
hollow portion, trenches and holes are formed in parts of the
interlayer insulating films 514a and 5144. Subsequently, a
conductive material is buried in the holes to form connection
pillars 514¢ to 514e. In this case, the connection pillar 514¢
is electrically connected to the source 5128 of a transistor
532, and the connection pillar 5144 is electrically connected
to the drain 512D, for example. The connection pillar 514e
is electrically connected to the source 512S of another
transistor 532, for example. Subsequently, a conductive
material is buried in the trenches to form interconnection
units 514/ and 514g. The interconnection unit 514/ is elec-
trically connected to the connection pillar 514c and the
connection pillar 514d. The interconnection unit 514g is
electrically connected to the connection pillar 514e. Subse-
quently, an interlayer insulating film 514/ is formed on the
interlayer insulating film 5146.

[0423] As shown in FIG. 30A and FIG. 30B, an interlayer
insulating film 514i made of silicon oxide (Si0,) 1s formed
on the interlayer insulating film 514% using the CVD
(chemical vapor deposition) method, for example. Subse-
quently, holes are formed in prescribed positions of the
interlayer insulating film 514/, a conductive material (for
example, a metal material) is buried, and the upper surface
is planarized using the CMP (chemical mechanical polish-
ing) method. Thereby, a connection pillar 514/ connected to
the interconnection unit 514/ and a connection pillar 514k
connected to the interconnection unit 514g are formed.
[0424] As shown in FIG. 31A and FIG. 31B, a recess is
formed in a region of the interlayer insulating film 514/ that
forms a hollow portion 570, and a sacrifice layer 5141 is
buried in the recess. The sacrifice layer 5141 may be formed
using a material that can be formed into a film at low
temperature, for example. The material that can be made into
a film at low temperature is silicon germanium (SiGe) or the
like, for example.

[0425] As shown in FIG. 32A and FIG. 32B, an insulating
film 56151 that forms a film unit 564 (704) is formed on the
interlayer insulating film 514i and the sacrifice layer 5141.
The insulating film 5615 may be formed using silicon oxide
(810,) or the like, for example. A plurality of holes are
provided in the insulating film 5615f, and a conductive
material (for example, a metal material) is buried in the
plurality of holes to form a connection pillar 561z and a
connection pillar 562/a. The connection pillar 561fa is
electrically connected to the connection pillar 514k, and the
connection pillar 562fa is electrically connected to the
connection pillar 514;.

[0426] As shown in FIG. 33A and FIG. 33B, a conductive
layer 561f that forms an interconnection 557 is formed on
the insulating film 5613, the connection pillar 56172, and
the connection pillar 562fa.

[0427] Asshown in FIG. 34 A and FIG. 34B, a stacked film
550f'1s formed on the conductive layer 561f.

[0428] As shown in FIG. 35A and FIG. 35B, the stacked
film 5501 is processed into a prescribed shape, and an
insulating film 565/ that forms an insulating layer 565 is
formed thereon. The insulating film 565/ may be formed
using silicon oxide (SiO,) or the like, for example.

[0429] As shown in FIG. 36A and FIG. 36B, part of the
insulating film 565/ is removed, and the conductive layer
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561/ is processed into a prescribed shape. Thereby, an
interconnection 557 is formed. At this time, part of the
conductive layer 561/ forms a connection pillar 562/b elec-
trically connected to the connection pillar 562fa. Then, an
insulating film 566 that forms an insulating layer 566 is
formed thereon.

[0430] As shown in FIG. 37A and FIG. 37B, an opening
566p is formed in the insulating film 566/. Thereby, the
connection pillar 562/b is exposed.

[0431] As shown in FIG. 38A and FIG. 38B, a conductive
layer 562f that forms an interconnection 558 is formed on
the upper surface. Part of the conductive layer 562f is
electrically connected to the connection pillar 56275.
[0432] As shown in FIG. 39A and FIG. 39B, the conduc-
tive layer 562f1s processed into a prescribed shape. Thereby,
an interconnection 558 is formed. The interconnection 558
is electrically connected to the connection pillar 562/5.
[0433] As shown in FIG. 40A and FIG. 40B, an opening
5660 with a prescribed shape is formed in the insulating film
566/ The insulating film 5615f'is processed via the opening
5660, and the sacrifice layer 5141 is removed via the
opening 5660. Thereby, a hollow portion 570 is formed. The
removal of the sacrifice layer 5141 can be performed using
the wet etching method, for example.

[0434] When a fixing unit 567 is shaped like a ring, the
space between the edge of the non-hollow portion above the
hollow portion 570 and the film unit 564 is filled with an
insulating film, for example.

[0435] Thus, a pressure sensor is formed.
Fourth Embodiment
[0436] The embodiment relates to a microphone using the

pressure sensor according to the embodiments described
above.

[0437] FIG. 41 is a schematic cross-sectional view illus-
trating a microphone according to a fourth embodiment.
[0438] A microphone 320 according to the embodiment
includes a printed circuit board 321, a cover 323, and a
pressure sensor 310. The printed circuit board 321 includes
a circuit of an amplifier etc., for example. An acoustic hole
325 is provided in the cover 323. Sound 329 passes through
the acoustic hole 325 to enter the inside of the cover 323.
[0439] As the pressure sensor 310, any one of the pressure
sensors described in regard to the embodiments and modi-
fications thereof are used.

[0440] The microphone 320 reacts to sound pressure. By
using a high-sensitivity pressure sensor 310, a high-sensi-
tivity microphone 320 is obtained. The pressure sensor 310
is mounted on the printed circuit board 321, and an electric
signal line is provided, for example. The cover 323 is
provided on the printed circuit board 321 so as to cover the
pressure sensor 310.

[0441] The embodiment can provide a high-sensitivity
microphone.

Fifth Embodiment
[0442] The embodiment relates to a blood pressure sensor

using the pressure sensor according to the embodiments
described above.

[0443] FIG. 42A and FIG. 42B are schematic views illus-
trating a blood pressure sensor according to a fifth embodi-
ment.
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[0444] FIG. 42A is a schematic plan view illustrating the
skin on an artery of a person. FIG. 42B is a cross-sectional
view taken along line H1-H2 of FIG. 42A.

[0445] In the embodiment, the pressure sensor 310 is used
as a blood pressure sensor 330. Any one of the pressure
sensors described in regard to the embodiments and modi-
fications thereof are used as the pressure sensor 310.
[0446] Thus, high-sensitivity pressure sensing can be
made by a small-sized pressure sensor. By pressing the
pressure sensor 310 against the skin 333 on an artery 331,
the blood pressure sensor 330 can make blood pressure
measurement continuously.

[0447] The embodiment can provide a high-sensitivity
blood pressure sensor.

Sixth Embodiment

[0448] The embodiment relates to a touch panel using the
pressure sensor of the embodiments described above.
[0449] FIG. 43 is a schematic diagram illustrating a touch
panel according to a sixth embodiment.

[0450] In the embodiment, the pressure sensor 310 is used
as a touch panel 340. Any one of the pressure sensors
described in regard to the embodiments and modifications
thereof are used as the pressure sensor 310. In the touch
panel 340, the pressure sensor 310 is mounted at least one
of in a display and outside a display.

[0451] The touch panel 340 includes a plurality of first
interconnections 346, a plurality of second interconnections
347, a plurality of pressure sensors 310, and a control unit
341, for example.

[0452] In this example, the plurality of first interconnec-
tions 346 are aligned along the Y-axis direction. Each of the
plurality of first interconnections 346 extends along the
X-axis direction. The plurality of second interconnections
347 are aligned along the X-axis direction. Each of the
plurality of second interconnections 347 extends along the
Y-axis direction.

[0453] Each of the plurality of pressure sensors 310 is
provided in the intersection portion of each of the plurality
of first interconnections 346 and each of the plurality of
second interconnections 347. One pressure sensor 310 forms
one sensing element 310e for detection. Here, the intersec-
tion portion includes the position where the first intercon-
nection 346 and the second interconnection 347 cross each
other and a region around this.

[0454] One end 310a of each of the plurality of pressure
sensors 310 is connected to each of the plurality of first
interconnections 346. The other end 3105 of each of the
plurality of pressure sensors 310 is connected to each of the
plurality of second interconnections 347.

[0455] The control unit 341 is connected to the plurality of
first interconnections 346 and the plurality of second inter-
connections 347.

[0456] The control unit 341 includes a circuit for the first
interconnection 3464 connected to the plurality of first
interconnections 346, a circuit for the second interconnec-
tion 347d connected to the plurality of second interconnec-
tions 347, and a control circuit 345 connected to the circuit
for the first interconnection 3464 and the circuit for the
second interconnection 3474, for example.

[0457] The pressure sensor 310 can make high-sensitivity
pressure sensing with a small size. Thus, a high-definition
touch panel can be provided.
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[0458] The pressure sensor according to the embodiment
can be used for various pressure sensor devices such as
atmospheric pressure sensors and air pressure sensors for
tires, as well as the uses mentioned above.

[0459] The embodiment can provide a strain sensing ele-
ment, a pressure sensor, a microphone, a blood pressure
sensor, and a touch panel of high sensitivity.

[0460] Hereinabove, embodiments of the invention are
described with reference to specific examples. However, the
invention is not limited to these specific examples. For
example, one skilled in the art may appropriately select
specific configurations of components of sensing elements,
pressure sensors, microphones, blood pressure sensors, and
touch panels such as film units, strain sensing elements, first
magnetic layers, second magnetic layers, and intermediate
layers from known art and similarly practice the invention.
Such practice is included in the scope of the invention to the
extent that similar effects thereto are obtained.

[0461] Further, any two or more components of the spe-
cific examples may be combined within the extent of tech-
nical feasibility and are included in the scope of the inven-
tion to the extent that the purport of the invention is
included.

[0462] Moreover, all strain sensing elements, pressure
sensors, microphones, blood pressure sensors, and touch
panels practicable by an appropriate design modification by
one skilled in the art based on the strain sensing elements,
the pressure sensors, microphones, the blood pressure sen-
sors, and the touch panels described above as embodiments
of the invention also are within the scope of the invention to
the extent that the spirit of the invention is included.
[0463] Various other variations and modifications can be
conceived by those skilled in the art within the spirit of the
invention, and it is understood that such variations and
modifications are also encompassed within the scope of the
invention.

[0464] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inven-
tions. Indeed, the novel embodiments described herein may
be embodied in a variety of other forms; furthermore,
various omissions, substitutions and changes in the form of
the embodiments described herein may be made without
departing from the spirit of the inventions. The accompa-
nying claims and their equivalents are intended to cover
such forms or modifications as would fall within the scope
and spirit of the invention.

What is claimed is:

1: A sensing element provided on a film being deformable,

the sensing element comprising;

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional layer
including at least one selected from the group consist-
ing of an oxide and a nitride;

a second magnetic layer provided between the functional
layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magnetic layer being amor-
phous and including boron, and
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an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.

2: The element according to claim 1, wherein

the oxide includes an oxide of at least one selected from
the group consisting of magnesium, aluminum, silicon,
titanium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, zirconium, niobium,
molybdenum, ruthenium, rhodium, palladium, silver,
hafnium, tantalum, tungsten, tin, cadmium, and gal-
lium, and

the nitride includes a nitride of at least one selected from
the group consisting of magnesium, aluminum, silicon,
titanium, vanadium, chromium, manganese, iron,
cobalt, nickel, copper, zinc, zirconium, niobium,
molybdenum, ruthenium, rhodium, palladium, silver,
hafnium, tantalum, tungsten, tin, cadmium, and gal-
lium.

3: The element according to claim 1, wherein the func-
tional layer includes an oxide of at least one selected from
the group consisting of magnesium, titanium, vanadium,
zinc, tin, cadmium, and gallium.

4: The element according to claim 1, wherein the func-
tional layer includes magnesium oxide.

5: A sensing element provided on a film being deformable,
the sensing element comprising;

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional layer
including at least one element selected from the group
consisting of magnesium, silicon, and aluminum;

a second magnetic layer provided between the functional
layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magnetic layer being amor-
phous and including boron, and

an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.

6: The element according to claim 1, wherein a thickness

of the functional layer is not more than one nanometer.

7. The element according to claim 1, wherein a concen-
tration of boron included in the functional layer is not less
than 5 atomic percent and not more than 35 atomic percent.

8: The element according to claim 1, wherein

the second magnetic layer includes a first portion and a
second portion,

the first portion is provided between the second portion
and the spacer layer, and

a concentration of boron in the first portion is lower than
a concentration of boron in the second portion.

9: The element according to claim 1, wherein

the second magnetic layer includes a first portion and a
second portion,

the first portion is provided between the second portion
and the spacer layer, and

the first portion has crystallinity.

10: The element according to claim 1, wherein a magne-
tostriction constant of the second magnetic layer is not less
than 1x107°,
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11: The element according to claim 1, wherein a coerci-
vity of the second magnetic layer is not more than 5 oersteds.

12: The element according to claim 1, wherein a sheet
resistivity of the functional layer is lower than a sheet
resistivity of the spacer layer.

13: A pressure sensor comprising:

a film being deformable; and

a sensing element provided on the film, the sensing

element including:

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional
layer including at least one selected from the group
consisting of an oxide and a nitride;

a second magnetic layer provided between the functional
layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magnetic layer being amor-
phous and including boron, and

an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.

14: A microphone comprising:

a pressure sensor, the pressure sensor including:

a film being deformable; and

a sensing element provided on the film, the sensing
element including:

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional
layer including at least one selected from the group
consisting of an oxide and a nitride;

a second magnetic layer provided between the func-
tional layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magpetic layer being
amorphous and including boron, and

an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.

15: A blood pressure sensor comprising:

a pressure sensor, the pressure sensor including:

a film being deformable; and

a sensing element provided on the film, the sensing
element including:

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional
layer including at least one selected from the group
consisting of an oxide and a nitride;

a second magnetic layer provided between the func-
tional layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magnetic layer being
amorphous and including boron, and
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an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.

16: A touch panel comprising:

a pressure sensor, the pressure sensor including:

a film being deformable; and

a sensing element provided on the film, the sensing
element including:

a non-magnetic layer;

a first magnetic layer;

a functional layer provided between the non-magnetic
layer and the first magnetic layer, the functional layer
contacting the non-magnetic layer, the functional
layer including at least one selected from the group
consisting of an oxide and a nitride;

a second magnetic layer provided between the func-
tional layer and the first magnetic layer; and

a spacer layer provided between the first magnetic layer
and the second magnetic layer,

at least a part of the second magnetic layer being
amorphous and including boron, and

an electric resistance of the sensing element being con-
figured to change in accordance with a deformation of
the film.
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