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(57) Abstract: An integrated circuit can have a first substrate supporting a magnetic field sensing element and a second substrate
& supporting another magnetic field sensing element. The first and second substrates can be arranged in a variety of configurations.
@ Another integrated circuit can have a first magnetic field sensing element and second different magnetic field sensing element dis-
O posed on surfaces thereof.
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ARRANGEMENTS FOR AN INTEGRATED SENSOR

FIELD OF THE INVENTION
This invention relates generally to integrated circuits and, more particularly, to

integrated circuits having magnetic sensing elements.

BACKGROUND OF THE INVENTION

As is known in the art, one type of conventional current sensor uses a Hall effect

" element, which generates a voltage in response to a magnetic field associated with a

current passing through a conductor. Typical current sensors of this type include a Hall
effect elements mounted on a dielectric material, for example a circuit board. Typically, a

ferrous core (flux concentrator) is used in proximity to the Hall effect element.

Another type of conventional current sensor uses a magnetoresistance element,
which changes resistance in response to a magnetic field associated with a current passing
through a conductor. A fixed electrical current is directed through the magnetoresistance
element, thereby generating a voltage output signal proportional to the magnetic field.
Conventional current sensors of this type use an anisotropic magnetoresistance (AMR)

element mounted on a dielectric material, for example a circuit board.

Various parameters characterize the performance of current sensors, including
sensitivity and linearity. Sensitivity is related to a change in the resistance of the
magnetoresistance element or a change in output voltage from the Hall effect element in
response to a change in magnetic field.. Linearity is related to the degree to which the
resistance of the magnetoresistance element or the output voltage from the Hall effect

element varies in direct linear proportion to the magnetic field.

Various types of magnetic field sensing elements (e.g., Hall effect elements and
magnetoresistance elements) are known to have different characteristics, including, but not
limited to, different sensitivities, different linearities, and also different hysteresis
characteristics in response to a magnetic field. It is also known that a particular type of

magnetic field sensing element, for example, a Hall effect element, can have a
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substantially different sensitivity when fabricated on substrates comprised of different

materials, for example, Silicon (Si) and Gallium Arsenide (GaAs).

‘Typical current sensors tend to be undesirably large, both in terms of height and
circuit board area. Typical current sensors also tend to be restricted in dynamic range, i.e.,
they tenci to saturate at large currents, which generate large magnetic fields, and/or they
tend to be inaccurate at small sensed currents, which generate small magnetic fields. It
would, therefore, be desirable to provide a current sensor having a reduced size, improved

accuracy, and/or improved dynamic range.

While conventional current sensors are described above as having particular
disadvantages, it will be appreciated that conventional external magnetic field sensors and
also conventional electrical signal isolators suffer from the same disadvantages. It would,
therefore, be desirable to provide an external magnetic field sensor and also an electrical

signal isolator having a reduced size, improved accuracy, and/or improved dynamic range.

SUMMARY OF THE INVENTION

In accordance with the present invention, an integrated circuit includes a lead frame
and a first substrate having first and second opposing surfaces. The first substrate is
coupled to the lead frame. The integrated circuit also includes a second substrate having
first and second opposing surfaces. The first substrate and the second substrate are
coupled such that the first surface of the second substrate is proximate to the first surface
of the first substrate and the second surface of the second substrate is distal from the
second surface of the second substrate. The integrated circuit also includes an electronic
component disposed on the first surface of the first substrate and a magnetic field sensing

element disposed on the first surface of the second substrate.

In accordance with another aspect of the present invention, an integrated circuit
includes a lead frame and a first substrate having first and second opposing surfaces. The
first substrate is coupled to the lead frame such that the second surface of the first substrate
is above the lead frame and the first surface of the first substrate is above the second

surface of the first substrate. The integrated circuit also includes a second substrate having
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first and second opposing surfaces. The first substrate and the second substrate are

~ coupled such that the second surface of the second surface is above the first surface of the

first substrate and the first surface of the second substrate is above the second surface of
the second substrate. The integrated circuit also includes an electronic component disposed
on the first surface of the first substrate and a magnetic field sensing element disposed on

the first surface of the second substrate.

In accordance with another aspect of the present invention, an integrated circuit
include§ a lead frame and a first substrate having first and second opposing surfaces. The
first substrate is coupled to the lead frame such that the second surface of the first substrate
is above the lead frame and the first surface of the first substrate is above the second
surface of the first substrate. The integrated circuit also includes a second substrate having
first and second opposing surfaces. The second substrate is coupled td the lead frame such
that the second surface of the second substrate is above the lead frame and the first surface
of the second substrate is above the second surface of the second substrate. The integrated
circuit also includes an electronic component disposed on the first surface of the first
substrate. The integrated circuit also includes a first magnetic field sensing element
disposed on the first surface of the second substrate and a second magnetic field sensing

element disposed on the first surface of the first substrate.

In accordance with another aspect of the present invention, an integrated circuit
includes a lead frame and a base substrate having first and second opposing surfaces. The
base substrate is coupled to the lead frame such that the second surface of the base
substrate is above the lead frame and the first surface of the base substrate is above the
second surface of the base substrate. The integrated circuit also includes a first substrate
having first and second opposing surfaces. The first substrate is coupled to the base
substrate such that the first surface of the first substrate is above the first surface of the
base substrate and the second surface of the first substrate is above the first surface of the
first substrate. The integrated circuit also includes a second substrate having first and
second opposing surfaces. The second substrate is coupled to the base substrate such that
the first surface of the second substrate is above the first surface of the base substrate and

the second surface of the second substrate is above the first surface of the second substrate.
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The integrated circuit also includes an electronic component disposed on the first surface
of the first substrate and a magnetic field sensing element disposed on the first surface of

the second substrate.

In accordance with another aspect of the present invention, an integrated circuit
includés a lead frame and a base substrate having first and second opposing surfaces. The
base substrate is coupled to the lead frame such that the second surface of the base
substrate is above the lead frame and the first surface of the base substrate is above the
second surface of the base substrate. The integrated circuit also includes a first substrate
having first and second opposing surfaces. The first substrate is coupled to the base
substrate such that the second surface of the first substrate is above the first surface of the
base substrate and the first surface of the first substrate is above the second surface of the
first substrate. The integrated circuit also includes a second substrate having a first and
second opposing surface. The second substrate is coupled to the base substrate such that
the second surface of the second substrate is above the first surface of the base substrate
and the first surface of the second substrate is above the second surface of the second
substrate. The integrated circuit also includes an electronic component disposed on the
first surface of the first substrate and a magnetic field sensing element disposed on the first

\
surface of the second substrate.

In accordance with another aspebt of the present invention, an integrated circuit
includes a first magnetic field sensing element having a first sensitivity to a magnetic field
and a second magnetic field sensing element having a second different sensitivity to the
magnetic field. The integrated circuit also includes a circuit coupled to the first and second
magnetic field sensing elements. The circuit is operable to provide the integrated circuit
with a first sensitivity range and a second different sensitivity range in response to the

magnetic field.

In accordance with another aspect of the present invention, an integrated circuit
includes a first substrate and a circuit element disposed on a surface of the first substrate.
The i9ntegrated circuit further includes a second substrate coupled to the first substrate and

a Hall effect element disposed on a surface of the second substrate.
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In accordance with another aspect of the present invention, an integrated circuit
includes a first substrate and a circuit element disposed on a surface of the first substrate.
A Hall effect element is disposed on a surface of the first substrate. The integrated circuit
also includes a second substrate coupled to the first substrate and a magnetoresistance

element disposed on a surface of the second substrate.

In accordance with another aspect of the present invention, an integrated circuit
includes a substrate, a first magnetic field sensing element disposed on a surface of the

substrate, and a second different type of magnetic field sensing element disposed on a

surface of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS
The foregoing features of the invention, as well as the invention itself may be more

fully understood from the following detailed description of the drawings, in which:

FIG. 1 is a pictorial showing an integrated circuit having first and second
substrates, wherein the second substrate is a flip-chip;

FIG. 1A is a cross-sectional view of the integrated circuit of FIG. 1;

FIG. 2 is a pictorial showing another integrated circuit having first and second
substrates;

FIG. 2A is a cross-sectional view of the integrated circuit of FIG. 1;

FIG. 3 is a pictorial showing another integrated circuit having first and second
substrates;

FIG. 3A is a cross-sectional view of the integrated circuit of FIG. 3;

FIG. 4 is a pictorial showing an integrated circuit having first and second substrates
and a base substrate;

FIG. 4A is a cross-sectional view of the integrated circuit of FIG. 4;

FIG. 5 is a pictorial showing another integrated circuit having first and second
substrates and a base substrate;

FIG. 5A is a cross-sectional view of the integrated circuit of FIG. 5;
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FIG. 6 is an exploded view showing an exemplary integrated current sensor having
first and second substrates and having an integrated current-carrying conductor;

FIG. 7 is a pictorial showing another exemplary integrated current sensor having
first and second substrates and having an integrated current-carrying conductor formed by
coupling lead frame leads;

FIG. 7A is a cross-sectional view of the integrated circuit of FIG. 7;

FIG. 8 is a pictorial showing another exemplary integrated current sensor having
first and second substrates, three magnetic field sensors, and having an integrated current-
carrying conductor formed by coupling lead frame leads; and

FIG. 8A is a cross-sectional view of the integrated circuit of FIG. 8.

DETAILED DESCRIPTION OF THE INVENTION

Before describing the present invention, some introductory concepts and
terminology are explained. As used herein, the term " magnetic field sensing element " is
used to describe an electronic component that is responsive to and can be used to measure

magnetic fields. The magnetic field sensing element can be of a type including, but not

~ limited to, a Hall effect element and a magnetoresistance element. The Hall effect element

can be a horizontal type or a vertical type. The magnetoresistance element can be of a type
including, but not limited to, a giant magnetoresistance (GMR) element, an anisotropic

magnetoresistance (AMR) element, and a tunneling magnetoresistance (TMR) element.

As used herein, the term "magnetic field sensor" is used to describe an electronic
circuit, which includes a magnetic field sensing element, and which is responsive to and
can be used to measure a magnetic field. As used herein, the term "current sensor" is used
to describe an electronic circuit, which includes a magnetic field sensing element, and

which is responsive to and can be used to measure a current in a conductor.

It will be understood herein that a current in a conductor generates a magnetic field
circularly disposed about the direction of current. Therefore, the magnetic field sensing
element as used in a current sensor can be used to measure the current flowing in a

conductor. However, a magnetic field sensing element as used in a magnetic field sensor
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can be used to measure other magnetic fields, for example a magnetic field associated with
the earth.

Referring to FIGS. 1 and 1A, in which like elements are shown having like
reference designations, an exemplary integrated circuit 10 includes a lead frame 12, here
shown as only a portion of a lead frame. It will be understood that a lead frame can have a

base plate and associated leads. The leads are not shown in FIGS. 1 and 1A.

The integrated circuit 10 also includes a first substrate 14 having first and second
opposing surfaces 14a, 14b, respectively. The first substrate 14 is coupled to the lead
frame 12 such that the second surface 14b of the first substrate 14 is above the lead frame
12 and the first surface 14a of the first substrate 14 is above the second surface 14b of the
first substrate 14.

The integrated circuit 10 also includes a second substrate 26 having first and
second opposing surfaces 26a, 26b, respectively. The first substrate 14 and the second
substrate 26 are coupled such that the first surface 26a of the second substrate 26 is above
the first surface 14a of the first substrate 14 and the second surface 26b of the second
substrate 26 is above the first surface 26a of the second substrate 26.

The first and second substrates 14, 26, respectively, can be comprised of a variety
of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe,
ceramic, or glass. The first and second substrates 14, 26, respectively, can be comprised of
the same material or of different materials. In one particular embodiment, the first
substrate 14 is comprised of Silicon (Si) and the second substrate 26 is comprised of
Gallium Arsenide (GaAs).

The first surface 26a of the second substrate 26 can be coupled to the first surface
14a of the first substrate 14 with a selected one of a solder ball, a gold bump, a eutectic or
high lead solder bump, a no-lead solder bump, a gold stud bump, a polymeric conductive
bump, an anisotropic conductive paste, or a conductive film. Four such couplings 34a-34d

are shown. However, it will be appreciated that the integrated circuit 10 can have more
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than four or fewer than four such couplings.

The integrated circuit 10 also includes at least one electronic component 18
disposed on the first surface 14a of the first substrate 14. The electronic component 18 can
include, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor, an

amplifier, or another integrated circuit.

The integrated circuit 10 also includes a first magnetic field sensing element 30
disposed on the first surface 26a of the second substrate 26. It will be recognized that this
arrangement provides a so-called “flip-chip” arrangement of the second substrate 26

relative to the first substrate 14.

In some embodiments, the integrated circuit 10 further includes a second magnetic
field sensing element 20 disposed on the first surface 14a of the first substrate 14. The
first and second magnetic field sensing elements 30, 20, respectively, can be selected ones
of a Hall effect element and a magnetoresistance element as described above. In some
embodiments, the first and second magnetic field sensing elements 30, 20, respectively,
are the same type of magnetic field sensing element, and in other embodiments, the first
and second magnetic field sensing elements 30, 20, respectively, are different types of

magnetic field sensing elements.

In one particular embodiment, the first magnetic field sensing element 30 is a Hall
effect element and the second magnetic field sensing element 20 is a magnetoresistance
element, for example, a giant magnetoresistance (GMR) element. In another particular
embodiment, the first and second magnetic field sensing elements 30, 20, respectively, are
both Hall effect elements, the first substrate is comprised of Silicon and the second
substrate 26 is comprised of GaAs. In some embodiments, the second magnetic field

sensing element 20 is not present.

In some embodiments, the integrated circuit 10 can also include one or more of a

first or a second flux concentrator 32, 22, respectively each disposed proximate to an
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associated one of the first and second magnetic field sensing elements 30, 20, respectively.
It will be understood that some materials, for example, ferrite, Permalloy, or other soft
magnetic materials, tend to concentrate flux, and their proximity can result in an increased
magnetic field. Therefore, the flux concentrators 32, 22 can provide an increased magnetic
field proximate to the first and second magnetic field sensing elements 30, 20,
respectively, resulting in an increased sensitivity of the first and second magnetic field
sensing elements 30, 20 to a magnetic field, for example, a magnetic field resulting from a

current in a conductor.

In some embodiments, the integrated circuit 10 also includes one or more of a first’
resistor 28 formed on the second substrate 26 or a second resistor 24 formed on the first
substrate 14. The first and second resistors 28, 24, respectively, can be used by the
integrated circuit 10 to measure resistivity changes in the first and second substrates 14,
26, respectively, for example, over time or over temperature. One of ordinary skill in the’
art will understand how to construct circuits in conjunction with one or more of the
resistors 24, 28, to accomplish this end. In some arrangements, one of the first and second
resistors 28, 24 is not present, and the remaining one of the first and second resistors 28,
24 is used to detect a resistivity change in one of the first and second substrates 14, 26,

respectively.

The integrated circuit can also include a plurality of bonding pads, of which
bonding pads 16a-16c¢ are representative. Bond wires 40a-40c can couple the first and/or

second substrates 14, 26, respectively, to leads (not shown) of the lead frame 12.

With an arrangement as shown, it will be recognized that packaging materials (not
shown), e.g., plastic, that can be used to encase the first and second substrates 14, 26,
respectively, would tend to result in stresses and strains upon the second substrate 26. The
resulting stresses and strains would tend to affect the sensitivity and linearity of the
magnetic field sensing element 30, which is coupled to the second substrate 26. The flip-
chip arrangement tends to keep the magnetic field sensing element 30 from direct contact
with the packaging material, therefore reducing the stresses and strains. To further reduce

the stresses and strains, in some embodiments, the integrated circuit 10 can include an
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underfill material 42 disposed between the first surface 14a of the first substrate 14 and the
first surface 26a of the second substrate 26. The underfill material tends to keep the
packaging material, e.g., plastic, from contact with the magnetic field sensing element 30,
resulting in a further reduction of stresses and strains upon the magnetic field sensing

element 30 and upon the second substrate 26.

The underfill material 42 can be comprised of a ,for example Staychip™ NUF-
31071 E underfill material (Cookson Electronics Equipment, New Jersey).

It should be appreciated that various insulating layers (not shown) can be used to
electrically isolate portions of the integrated circuit 10 from other portions of the integrated
circuit 10. For example, an insulating layer (not shown) can be disposed between the first
surface 14a of the first substrate 14 and the flux concentrator 22. Also, an insulating layer
(not shown) can be disposed between the second surface 26b of the second substrate 26

and the flux concentrator 32.

In some embodiments, the flux concentrator 32 is instead disposed proximate to
the first surface 26a of the second substrate 26. In other embodiments flux concentrators
may be disposed on both the first and second surfaces 26a, 26b, respectively, of the second
substrate 26.

For embodiments having the second magnetic field sensing element 20, in some
arrangements, fhe second magnetic field sensing element 20 can have a different
sensitivity to magnetic fields (i.e., currents) than the first magnetic field sensing element
30. Therefore, with these arrangements, the integrated circuit 10 can have more than one
“range,” or an extended range. With these arrangements, the integrated circuit 10 can

operate over a greater span of sensed currents, i.e., magnetic field strengths.

In particular, for embodiments in which the second substrate 26 is comprised of
GaAs and the first substrate is comprised of Silicon and both magnetic field sensing
elements 30, 20 are Hall effect elements, the sensitivity of the magnetic field sensing

element 30 is higher than the sensitivity of the second magnetic field sensing element 20.

10
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Therefore, an extended range of operation can be obtained while using only Hall effect

elements.

Furthermore, for embodiments in which the second substrate 26 is comprised of
GaAs and the magnetic field sensing element 30 is a Hall effect element, and in which the
first substrate 14 is comprised o,f Silicon and the second magnetic field sensing element 20
is not present, a higher sensitivity can be achieved than for an arrangement having only a
Silicon based Hall effect element. With this arrangement, known cost advantages of

having the circuitry 18 disposed on the silicon substrate 14 can be achieved.

While the first substrate 14 is shown to be conventionally mounted to the lead
frame 12, i.e., with the first surface 14a of the first substrate 14 facing away from the lead
frame 12, in other.arrangements, the first substrate 14 can be flipped relative to the
substrate 12. In these arrangements, the first surface 14a of the first substrate 14 is
proximate to the lead frame 12 and coupled to the lead frame with a selected one of a
solder ball, a gold bump, a eutectic or high lead solder bump, a no-lead solder bump, a
gold stud bump, a polymeric conductive bump, an anisotropic conductive paste, or a
conductive film. In these arrangements, the first surface 26a of the second substrate 26
remains coupled as shown to the first surface 14a of the first substrate 14, wherein the first

surfaces 14a, 26a of the substrates 14, 26, respectively are proximate to each other.

Referring now to FIGS. 2 and 24, in which like elements are shown having like
reference designators, an integrated circuit 50 includes aspects similar to the integrated |

circuit 10 of FIGS. 1 and 1A, but without the flip-chip arrangement of FIGS. 1 and 1A.

The integrated circuit 50 includes a lead frame 52. The integrated circuit 50 also
includes a first substrate 54 having first and second opposing surfaces 54a, 54b,
respectively. The first substrate 54 is coupled to the lead frame 52 such that the second
surface 54b of the first substrate 54 is above the lead frame 52 and the first surface 54a of
the first substrate 54 is above the second surface 54b of the first substrate 54.

The integrated circuit 50 also includes a second substrate 66 having first and

11
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second opposing surfaces 66a, 66b, respectively. The first substrate 54 and the second
substrate 66 are coupled such that the second surface 66b of the second substrate 66 is
above the first surface 54a of the first substrate 54 and the first surface 66a of the second
substrate 66 is above the second surface 66b of the second substrate 66.

The first and second substrates 54, 66, respectively can be comprised of a variety of
materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe,
ceramic, or glass. The first and second substrates 54, 66, respectively, can be comprised of
the same material or of different materials. In one particular embodiment, the first

substrate 54 is comprised of Silicon (Si) and the second substrate 66 is comprised of
Gallium Arsenide (GaAs).

The first surface 66a of the second substrate 66 can be coupled to the first surface
54a of the first substrate 54 with wire bonds 74a-74d. Four such couplings 74a-74d are
shown. However, it will be appreciated that the integrated circuit 50 can have more than

four or fewer than four such couplings.

The integrated circuit 50 also includes at least one electronic component 56
disposed on the first surface 54a of the first substrate 54. The electronic component 56 can
include, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor, an

amplifier, or another integrated circuit.

The integrated circuit 50 also includes a first magnetic field sensing element 70

disposed on the first surface 66a of the second substrate 66.

In some embodiments, the integrated circuit 50 further includes a second magnetic
field sensing element 58 disposed on the first surface 54a of the first substrate 54. The
first and second magnetic field sensing elements 70, 58, respectively, can be selected ones
of a Hall effect element and a magnetoresistance element as described above. In some
embodiments, the first and second magnetic field sensing elements 70, 58, respectively,

are the same type of magnetic field sensing element, and in other embodiments, the first

12
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and second magnetic field sensing elements 70, 58, respectively, are different types of

magnetic field sensing elements.

In one particular embodiment, the first magnetic field sensing element 70 is a Hall
effect element and the second magnetic field sensing element 58 is a magnetoresistance
element, for example, a giant magnetoresistance (GMR) element. In another particular
embodiment, the first and second magnetic field sensing elements 70, 58, respectively, are
both Hall effect elements, the first substrate 54 is comprised of Silicon and the second
substrate 66 is comprised of GaAs. In some embodiments, the second magnetic field

sensing element 58 is not present.

In some embodiments, the integrated circuit 50 can also include one or more of a
first or a second flux concentrator 71, 59, respectively, each disposed proximate to an
associated one of the first and second magnetic field sensing elements 70, 58, respectively.

The flux concentrators 71, 59 can provide an increased magnetic field proximate to the
first and second magnetic field sensing elements 70, 58 and a corresponding increased
sensitivity of the first and second magnetic field sensing elements 70, 58 to a magnetic

field, for example, a magnetic field resulting from a current in a conductor.

In some embodiments, the integrated circuit 50 also includes one or more of a first
resistor 68 formed on the second substrate 66 or a second resistor 60 formed on the first
substrate 54. The first and second resistors 68, 60, respectively, can be used by the
integrated circuit 50 to measure resistivity changes in the first and second substrates 54,
66, respectively, for example, over time or over temperature. As described above in
conjunction with FIGS. 1 and 1A, one of ordinary skill in the art will understand how to
construct circuits in conjunction with one or more of the resistors 68, 60, to accomplish
this end. In some arrangements, one of the first and second resistors 68, 60 is not present,
and the remaining one of the first and second resistors 68, 60 is used to detect a resistivity

change in one of the first and second substrates 54, 66, respectively.

The integrated circuit 50 can also include a plurality of bonding pads, of which

bonding pads 76a-76¢ are representative. Bond wires 78a-78¢ can couple the first and/or

13
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second substrates 54, 66, respectively, to léads (not shown) of the lead frame 52.

It should be appreciated that various insulating layers can be used to electrically
isolate portions of the integrated circuit 50 from other portions of the integrated circuit 50.
For example, an insulating layer 64 can be disposed between the first surface 14a of the

first substrate 14 and the second surface 66b of the second substrate 66.

For embodiments having the second magnetic field sensing element 58, in some
arrangements, the second magnetic field sensing element 58 can have a different
sensitivity to magnetic fields (i.e., currents) than the first magnetic field sensing element
70. Therefore, with these arrangements, the integrated circuit 10 can have more than one
“range,” or an extended range. With these arrangements, the integrated circuit 50 can

operate over a greater span of sensed currents, i.e., magnetic field strengths.

Exemplary combinations of types of magnetic field sensing elements and substrate
materials are further described above in conjunction with FIGS. 1 and 1A. At least the

same combinations apply to the integrated circuit 50.

Referring now to FIGS. 3 and 34, in which like elements are shown having like
reference designators, an integrated circuit 100 includes aspects similar to the integrated
circuit 10 of FIGS. 1 and 1A.

The integrated circuit 100 includes a lead frame 102. The integrated circuit 100
also includes a first substrate 114 having first and second opposing surfaces 114a, 114b,
respectively. The integrated circuit 100 also includes a second substrate 104 having first

and second opposing surfaces 104a, 104b, respectively.

The first substrate 114 is coupled to the lead frame 102 such that the second
surface 114b of the first substrate 114 is above the lead frame 102 and the first surface
114a of the first substrate 114 is above the second surface 114b of the first substrate 114.
The second substrate 104 is coupled to the lead frame 102 such that the second surface
104b of the second substrate 104 is above the lead frame 102 and the first surface 104a of
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the second substrate 104 is above the second surface 104b of the second substrate 104.

The first and second substrates 114, 104, respectively can be comprised of a variety
of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe,
ceramic, or glass. The first and second substrates 114, 104, respectively, can be comprised
of the same material or of different materials. In one particular embodiment, the first
substrate 114 is comprised of Silicon (Si) and the second substrate 104 is comprised of
Gallium Arsenide (GaAs).

The first surface 104a of the second substrate 104 can be coupled to the first
surface 114a of the first substrate 114 with wire bonds 112a-112d. Four such couplings
112a-112d are shown. However, it will be appreciated that the integrated circuit 100 can

have more than four or fewer than four such couplings.

The integrated circuit 100 also includes at least one electronic component 118
disposed on the first surface 114a of the first substrate 114. The electronic component 118
can ir;clude, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor, an

amplifier, or another integrated circuit.

The integrated circuit 100 also includes a first magnetic field sensing element 106

disposed on the first surface 104a of the second substrate 104.

In some embodiments, the integrated circuit 100 further includes a second
magnetic field sensing element 116 disposed on the first surfz;lce 114a of the first substrate
114. The first and second magnetic field sensing elements 106, 116, respectively, can be
selected ones of a Hall effect element and a magnetoresistance element as described above.
In some embodiments, the first and second magnetic field sensing elements 106, 116,
respectively, are the same type of magnetic field sensing element, and in other
embodiments, the first and second magnetic field sensing elements 106, 116, respectively,

are different types of magnetic field sensing elements.
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In one particular embodiment, the first magnetic field sensing element 106 is a Hall
effect element and the second magnetic field sensing element 116 is a magnetoresistance
element, for example, a giant magnetoresistance (GMR) element. In another particular
embodiment, the first and second magnetic field sensing elements 106, 116, respectively,
are both Hall effect elements, the first substrate 114 is comprised of Silicon and the second
substrate 104 is comprised of GaAs. In some embodiments, the second magnetic field

sensing element 116 is not present.

In some embodiments, the integrated circuit 100 can also include one or more of a
first or a second flux concentrator (not shown) each disposed proximate to an associated
one of the first and second magnetic field sensing elements 106, 116, respectively. The
flux concentrators (not shown) can provide an increased magnetic field proximate to the
first and second magnetic field sensing elements 106, 116 and a corresponding increased
sensitivity of the first and second magnetic field sensing elements 106, 116 to a magnetic

field, for example, a magnetic field resulting from a current in a conductor.

In some embodiments, the integrated circuit 100 also includes one or more of a
first resistor 108 formed on the second substrate 104 or a second resistor 120 formed on
the first substrate 114. The first and second resistors 108, 120, respectively, can be used
by the integrated circuit 100 to measure resistivity changes in the first and second
substrates 114, 104, respectively, for example, over time or over temperature. As
described above in conjunction with FIG. 1, one of ordinary skill in the art will understand
how to construct circuits in conjunction with one or more of the resistors 108, 120, to
accomplish this end. In some arrangements, one of the first and second resistors 108, 120
is not present, and .the remaining one of the first and second resistors 108, 120 is used to

detect a resistivity change in one of the first and second substrates 114, 104, respectively.

The integrated circuit 100 can also include a plurality of bonding pads, of which
bonding pads 124a-124c are representative. Bond wires 126a-126¢ can couple the first

substrates 114 to leads (not shown) of the lead frame 102.

It should be appreciated that various insulating layers can be used to electrically

16



10

15

20

25

30

WO 2007/087121 PCT/US2007/000093

isolate portions of the integrated circuit 100 from other portions of the integrated circuit
100. For example, insulating layers (not shown) can be disposed between the second
surface 114b of the first substrate 114 and the lead frame 102 and also between the second
surface 104b of the first substrate 104 and the lead frame 102.

For embodiments having the second magnetic field sensing element 116, in some
arrangements, the second magnetic field sensing element 116 can have a different
sensitivity to magnetic fields (i.e., currents) than the first magnetic field sensing element
106. Therefore, with these arrangements, the integrated circuit 100 can have more than
one “range,” or an extended range. With these arrangements, the integrated circuit 100 can

operate over a greater span of sensed currents, i.e., magnetic field strengths.

Exemplary combinations of types of magnetic field sensing elements and substrate
materials are further described above in conjunction with FIGS. 1 and 1A. At least the

same combinations apply to the integrated circuit 100.

Referring now to FIGS. 4 and 4A, in which like elements are shown having like
reference designators, an integrated circuit 150 includes aspects similar to the integrated
circuit 10 of FIGS. 1 and 1A, including a flip-chip arrangement as shown in FIGS. 1 and
1A.

The integrated circuit 150 includes a lead frame 152 and a base substrate 154
having first and second opposing surfaces 154a, 154b, respectively. The base substrate
can be comprised of a variety of materials, for example, ceramic, glass, polymer, i.e. FR-4,
or a semiconductor. The integrated circuit 150 also includes a first substrate 156 having
first and second opposing surfaces 156a, 156b, respectively, and a second substrate 166
having first and second opposing surfaces 166a, 166b, respectively.

The base substrate 154 is coupled to the lead frame 152 such that the second
surface 154b of the base substrate 154 is above the lead frame 152 and the first surface
154a of the base substrate 154 is above the second surface 154b of the base substrate 154.
The first substrate 156 is coupled to the base substrate 154 such that the first surface 156a
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of the first substrate 156 is above the first surface 154a of the base substrate 154 and the
second surface 156b of the first substrate 156 is above the first surface 156a of the first
substrate 156. The second substrate 166 is coupled to the base substrate 154 such that the
first surface 166a of the second substrate 166 is above the first surface 154a of the base
substrate 154 and the second surface 166b of the second substrate 166 is above the first
surface 166a of the second substrate 166.

The first and second substrates 156, 166, respectively can be comprised of a variety
of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe,
ceramic, or glass. The first and second substrates 156, 166, respectively, can be comprised

of the same material or of different materials. In one particular embodiment, the first

‘ substrate 156 is comprised of Silicon (Si) and the second substrate 166 is comprised of

Gallium Arsenide (GaAs).

The first surface 166a of the second substrate 166 can be coupled to the first
surface 154a of the base substrate 154 with a conductive element, for example, of a solder
ball, a gold bump, a eutectic or high lead solder bump, a no-lead solder bump, a gold stud
bump, a polymeric conductive bump, an anisotropic conductive paste, or a conductive
film. Four such couplings 172a-172¢ are shown. However, it will be appreciated that the

integrated circuit 150 can have more than four or fewer than four such couplings.

The first surface 156a of the second substrate 156 can also be coupled to the first
surface 154a of the base substrate 154 with a selected one of a solder ball, a gold bump, a
eutectic or high lead solder bump, a no-lead solder bump, a gold stud bump, a polymeric
conductive bump, an anisotropic conductive paste, or a conductive film. Four such
couplings 164a-164c are shown. However, it will be appreciated that the integrated circuit

150 can have more than four or fewer than four such couplings.
With this arrangement, the base substrate 154 can have conductive traces or the

like (not shown) to couple the first substrate 156 to the second substrate 166, and to the
pads 174a-c.
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The integrated circuit 150 also includes at least one electronic component 158
disposed on the first surface 156a of the first substrate 156. The electronic component 158
can include, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor, an

amplifier, or another integrated circuit.

The integrated circuit 150 also includes a first magnetic field sensing element 168

disposed on the first surface 166a of the second substre}te 166.

In some embodiments, the integrated circuit 150 further includes a second
magnetic field sensing element 160 disposed on the first surface 156a of the first substrate
156. The first and second magnetic field sensing elements 168, 160, respectively, can be
selected ones of a Hall effect element and a magnetoresistance element as described above.

In some embodiments, the first and second magnetic field sensing elements 168, 160,
respectively, are the same type of magnetic field sensing element, and in other
embodiments, the first and second magnetic field sensing elements 168, 160, respectively,

are different types of magnetic field sensing elements.

In one particular embodiment, the first magnetic field sensing element 168 is a Hall
effect element and the second magnetic field sensing element 160 is a magnetoresistance
element, for example, a giant magnetoresistance (GMR) element. In another particular
embodiment, the first and second magnetic field sensing elements 168, 160, respectively,
are both Hall effect elements, the first substrate 156 is comprised of Silicon and the second
substrate 166 is comprised of GaAs. In some embodiments, the second magnetic field

sensing element 160 is not present.

In some embodiments, the integrated circuit 150 can also include one or more of a
first or a second flux concentrator (not shown) each disposed proximate to an associated
one of the first and second magnetic field sensing elements 168, 160, respectively. The
flux concentrators (not shown) can provide an increased magnetic field proximate to the
first and second magnetic field sensing elements 168, 160 and a corresponding increased

sensitivity of the first and second magnetic field sensing elements 168, 160 to a magnetic
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field, for example, a magnetic field resulting from a current ina conductor.

In some embodiments, the integrated circuit 150 also includes one or more of a
first resistor 170 formed on the second substrate 166 or a second resistor 162 formed on
the first substrate 156. The first and second resistors 170, 162, respectively, can be used
by the integrated circuit 150 to measure resistivity changes in the first and second
substrates 156, 166, respectively, for example, over time or over temperature. As
described above in conjunction with FIGS. 1 and 1A, one of ordinary skill in the art will
understand how to construct circuits in conjunction with one or more of the resistors 170,
162, to accomplish this end. In some arrangements, one of the first and second resistors
170, 162 is not present, and the remaining one of the first and second resistors 170, 162 is
used to detect a resistivity change in one of the first and second substrates 156, 166,

respectively.

The integrated circuit 150 can also include a plurality of bonding pads, of which
bonding pads 174a-174c are representative. Bond wires 176a-176¢ can couple the first
and/or second substrates 156, 166, respectively, to leads (not shown) of the lead frame
152.

It should be appreciated that various insulating layers (not shown) can be used to
electrically isolate portions of the integrated circuit 150 from other portions of the
integrated circuit 150.

For embodiments having the second magnetic field sensing element 160, in some
arrangements, the second magnetic field sensing element 160 can have a different
sensitivity to magnetic fields (i.e., currents) than the first magnetic field sensing element
168. Therefore, with these arrangements, the integrated circuit 150 can have more than
one “range,” or an extended range. With these arrangements, the integrated circuit 150 can

operate over a greater span of sensed currents, i.e., magnetic field strengths.

Exemplary combinations of types of magnetic field sensing elements and substrate

materials are further described above in conjunction with FIGS. 1 and 1A. At least the
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same combinations apply to the integrated circuit 150.

While only the first and second substrates 156, 166, respectively, are shown to be
coupled to the base substrate 154, it will be appreciated that in other arrangements there

can be more than two or fewer than two substrates coupled to the base substrate 154.

Referring now to FIGS. 5 and 5A, in which like elements are shown having like
reference designators, an integrated circuit 200 includes aspects similar to the integrated
circuit 10 of FIGS. 1 and 1A.

The integrated circuit 200 includes a lead frame 202 and a base substrate 204
having first and second opposing surfaces 204a, 204b, respectively. The base substrate
can be comprised of a variety of materials, for example, ceramic, glass, polymer, i.e. FR-4,
or a semiconductor. The integrated circuit 200 also includes a first substrate 216 having
first and second opposing surfaces 216a, 216b, respectively, and a second substrate 206
having first and second opposing surfaces 206a, 206b, respectively.

The base substrate 204 is coupled to the lead frame 202 such that the second
surface 204b of the base substrate 204 is above the lead frame 202 and the first surface
204a of the base substrate 204 is above the second surface 204b of the base substrate 204.
The first substrate 216 is coupled to the base subsﬁate 204 such that the second surface
216D of the first substrate 216 is above the first surface 204a of the base substrate 204 and
the first surface 216a of the first substrate 216 is above the second surface 216b of the first
substrate 216. The second substrate 206 is coupled to the base substrate 204 such that the
second surface 206b of the second substrate 206 is above the first surface 204a of the base
substrate 204 and the first surface 206a of the second substrate 206 is above the second
surface 206b of the second substrate 206.

The first and second substrates 216, 206, respectively can be comprised of a variety
of materials including, but not limited to, Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe,
ceramic, or glass. The first and second substrates 216, 206, respectively, can be comprised

of the same material or of different materials. In one particular embodiment, the first
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substrate 216 is comprised of Silicon (Si) and the second substrate 206 is comprised of
Gallium Arsenide (GaAs).

The first surface 206a of the second substrate 206 can be coupled to the first
surface 216a of the first substrate 216 with wire bonds 214a-214d. Four such couplings
214a-214d are shown. However, it will be appreciated that the integrated circuit 200 can

have more than four or fewer than four such couplings.

The integrated circuit 200 also includes at least one electronic component 220
disposed on the first surface 216a of the first substrate 216. The electronic component 220
can include, but is not limited to, a passive electronic component, for example, a resistor,
capacitor, or inductor, and an active electronic component, for example, a transistor, an

amplifier, or another integrated circuit.

The integrated circuit 200 also includes a first magnetic field sensing element 208
disposed on the first surface 206a of the second substrate 206.

In some embodiments, the integrated circuit 200 further includes a second
magnetic field sensing element 218 disposed on the first surface 216a of the first substrate
216. The first and second magnetic field sensing elements 208, 218, respectively, can be
selected ones of a Hall effect element and a magnetoresistance element as described above.

In some embodiments, the first and second magnetic field sensing elements 208, 218,
respectively, are the same type of magnetic field sensing element, and in other
embodiments, the first and second magnetic field sensing elements 208, 218, respectively,

are different types of magnetic field sensing elements.

In one particular embodiment, the first magnetic field sensing element 208 is a Hall
effect element and the second magnetic field sensing element 218 is a magnetoresistance
element, for example, a giant magnetoresistance (GMR) element. In another particular
embodiment, the first and second magnetic field sensing elements 208, 218, respectively,
are both Hall effect elements, the first substrate 216 is comprised of Silicon and the second

substrate 206 is comprised of GaAs. In some embodiments, the second magnetic field
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sensing element 218 is not present.

In some embodiments, the integrated circuit 200 can also include one or more ofa
first or a second flux concentrator (not shown) each disposed proximate to an associated
one of the first and second magnetic field sensing elements 208, 218, respectively. The
flux concentrators (not shown) can provide an increased magnetic field proximate to the
first and second magnetic field sensing elements 208, 218 and a corresponding increased
sensitivity of the first and second magnetic field sensing elements 208, 218 to a magnetic

field, for example, a magnetic field resulting from a current in a conductor.

In some embodiments, the integrated circuit 200 also includes one or more of a
first resistor 210 formed on the second substrate 206 or a second resistor 222 formed on
the first substrate 216. The first and second resistors 210, 222, respectively, can be used
by the integrated circuit 200 to measure resistivity changes in the first and second
substrates 216, 206, respectively, for example, over time or over temperature. As
described above in conjunction with FIGS. 1 and 1A, one of ordinary skill in the art will
understand how to construct circuits in conjunction with one or more of the resistors 210,
222, to accomplish this end. In some arrangements, one of the first and second reéistors
210, 222 is not present, and the remaining one of the first and second resistors 210, 222 is
used o detect a resistivity change in one of the first and second substrates 216, 206,

respectively.

The integrated circuit 200 can also include a plurality of bonding pads, of which
bonding pads 232a-232c are representative. Bond wires 234a-234c can couple the first
and/or second substrates 216, 206, respectively, to leads (not shown) of the lead frame
202.

It should be appreciated that various insulating layers (not shown) can be used to
electrically isolate portions of the integrated circuit 200 from other portions of the
integrated circuit 200.

For embodiments having the second magnetic field sensing element 218, in some
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arrangements, the second magnetic field sensing element 218 can have a different
sensitivity to magnetic.fields (i.e., currents) than the first magnetic field sensing element
208. Therefore, with these arrangements, the integrated circuit 200 can have more than
one “range,” or an extended range. With these arrangements, the integrated circuit 200 can

operate over a greater span of sensed currents, i.e., magnetic field strengths.

Exemplary combinations of types of magnetic field sensing elements and substrate
materials are further described above in conjunction with FIGS. 1 and 1A. At least the

same combinations apply to the integrated circuit 200.

Referring now to FIG. 6, an integrated circuit 250, shown in an exploded view,
includes a first substrate 252, a second substrate 254, and a lead frame 257. The first
substrate 252, second substrate 254, and the lead frame 257 can be the same as or similar
to similar elements of any of the integrated circuit 10, 50, 100, 150, and 200 of FIGS. 1-
1A, 2-2A, 3-3A, 4-4A, and 5-5A, respectively.

The second substrate 254 includes a magnetic field sensing element 256, which can
be a selected one of a Hall effect element or a magnetoresistance element. It will be
appreciated that a position of the magnetic field sensing element 256c¢an be selected in
accordance with an axis of sensitivity of the magnetic field sensing element 256 relative to
a magnetic field that is being sensed. The integrated circuit 250 also includes a current-
carrying conductor 258 and a magnetic core 260 (also referred to herein as a flux
concentrator). The magnetic core 260 is substantially C-shaped and has a central region
260a and a pair of substantially parallel legs 260b, 260c extending from the central region
260a. When assembled, the flux concentrator 260 is shaped so that the leg 260b is
disposed under the lead frame 257 and the other leg 260c is disposed above the second
substrate 254.

The lead frame 275 has leads 259 adapted for mounting to a printed circuit board
(not shown). The leads 259, can include, for example, a power, or Vcc, connection, a
ground connection, and an output connection adapted to carry an output signal

proportional to the current through the conductor 258. The output signal may be a current
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or a voltage.

The first substrate 252 includes circuitry (not shown) for processing the output
signal of the Hall effect element 256

The conductor 258 can be comprised of various conductive materials, such as
copper, and is adapted for mounting to a printed circuit board through which the measured
current is provided to the conductor 258. To this end, bent leads or tabs 258a, 258b (258b
not shown) suitable for soldering into circuit board vias are provided at end portions of the
conductor 258. Mechanisms other than bent tabs 258a, 258b may be used to mount the
integrated circuit 250 to a circuit board, such as screw terminals and associated. In
alternate embodiments, the same or other mounting mechanisms can be used to allow the
integrated circuit 250 to be mounted to other than a circuit board. For example, the
integrated circuit 250 can have wire couplings (not shown) that allow the integrated circuit

250 to be coupled in series with a wire.

The conductor 258 (excluding the bent tabs 258a, 258b) can be substantially planar
as shown, without features extending in a z-axis 266 which would tend to increase the
height of the integrated circuit 250 off of a printed circuit board. In use, the plane of the
conductor 25 8 is positioned close to the printed circuit board plane, thereby providing a

low profile integrated circuit.

The flux concentrator 260 tends to tailor the magnetic field across the Hall effect
element 256. The flux concentrator 260 may be comprised of various materials including,
but not limited to ferrite, steel, iron compounds, Permalloy, or other soft magnetic
materials. The material of the flux concentrator 260 is selected based on factors such as
maximum measured current and the desired amount of magnetic shielding provided by the
flux concentrator 260. Other factors include stability of the relative permeability over
temperature and hysteresis (magnetic remanence). For example, a low hysteresis ensures
greater accuracy for small currents through the conductor 258. The material and size of
the flux concentrator 260 are also selected in accordance with the desired full scale current

through the conductor 258, wherein a magnetic core material with a higher saturation flux
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density (Bsat) allows the use of a smaller core for a given current flowing through the
conductor 258. It will be appreciated that use of the flux concentrator 260 significantly
reduces the susceptibility of the integrated circuit to stray magnetic fields.

Referring now to FIGS. 7 and 7A, in which like elements are shown having like
reference designations, an integrated circuit 300 includes a lead frame 302 having a

plurality of leads 302a-302h, a first substrate 306, and a second substrate 307.

The leads 302a and 302b are coupled to the leads 302c and 302d to form a current
path, or current conductor with a narrow portion 304 having a width wl. The first
substrate 306 has a first surface 306a and a second, opposing surface 306b and the second
substrate 307 has a first surface 307a and a second, opposing surface 307b. The first
substrate 306 can have a magnetic field sensing element 308, which, in some
embodiments, can be a Hall effect element 308, diffused into the first surface 306a, or
otherwise disposed on the first surface 306a of the first substrate 306. Similarly, the
second substrate 307 can have a magnetic field sensing element 309, which, in some
embodiments, can be a Hall effect element 309, diffused into the first surface 307a, or
otherwise disposed on the first surface 307a of the second substrate 307.

The first and second substrates 306, 307, respectively, are shown to be coupled
together in a flip-chip arrangement similar to the integrated circuit 10 of FIG. 1. As
described above in conjunction with FIGS. 1 and 1A, the first substrate 14 of FIGS. 1 and
1A can be mounted in a flip-chip arrangement to the substrate 12, which arrangement is
shown in FIG. 7. However, in other embodiments, it should be recognized that an
integrated circuit similar to the integrated circuit 300 can be formed from any of the
arrangements of FIGS. 2-2A, 3-3A, 4-4A, and 5-5A.

The substrate 306 is disposed above the lead frame 302 so that the first surface
306a is proximate to the current conductor portion 304 and the second surface 306b is
distal from the current conductor portion 304 and more specifically, so that the Hall effect
element 308 is in close proximity to the current conductor portion 304. Similarly, the

magnetic field sensing element 309 of the second substrate 307 is in close proximity to the
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current conductor portion 304. In the illustrated embodiment, the substrate 306 has an
orientation that is upside down (i.e., the first surface 306a is directed downward) relative
to a conventional orientation with which a substrate is mounted in an integrated circuit

package.

The first substrate 306 has bonding pads 310a-310c on the first surface 306a, to
which bond wires 312a-312c are coupled. The bond wires are further coupled to the leads
302e, 302f, 302h of the lead frame 302.

An insulator 314 separates and electrically isolates the substrate 306 from the lead
frame 302. The insulator 314 can be provided in a variety of ways. For example, in one
embodiment, a first portion of the insulator 314 includes a four pum thick layer of a BCB
resin material deposited directly on the first surface 306a of the substrate 306. A second
portion of the insulator 314 includes a layer of Staychip™ NUF-31071 E underfill material
(Cookson Electronics Equipment, New Jersey) deposited on the lead frame 302. Such an
arrangement provides more than one thousand volts of isolation between the substrate 306

and the lead frame 302.

It will be understood that the current conductor portion 304 is but a part of the total
path through which an electrical current flows. For example, a current having a direction
depicted by arrows 316 flows into the leads 302¢, 302d, which are here shown to be
electrically coupled in parallel, through the current conductor portion 304, and out of the

leads 302a, 302b, which are also shown here to be electrically coupled in parallel.

With this arrangement, the Hall effect elements 308, 309 are disposed in close
proximity to the current conductor portion 304 and at a predetermined position relative to
the current conductor portion 304, such that a magnetic field generated by an electrical
cutrent passing though the current conductor portion 304, in a direction shown by arrows
316, is in a direction substantially aligned with a maximum response axis of the Hall effect
elements 308, 309. The Hall effect elements 308, 309 generate respective voltage outputs
proportional to the magnetic field and therefore proportional to the current flowing through

the current conductor portion 304. The illustrated Hall effect elements 308, 309 have a
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maximum response axis substantially aligned with a z-axis 324. Because the magnetic
field generated in response to the current is circular about the current conductor portion
304, the Hall effect elements 308, 309 are disposed just to the side (i.e., slightly offset
along a y-axis 322) of the current conductor portion 304, as shown, where the magnetic
field is pointed substantially along the z-axis 324. This position results in a greater voltage
output from the Hall effect elements 308, 309 and therefore, improved sensitivity.
However, a vertical Hall effect element, or another type of magnetic field sensor, for
example a magnetoresistance element, having a maximum response axis aligned in another
direction, can be disposed at another position relative to the current conductor portion 304,

for example, on top of the current conductor portion 304 (in a direction along z-axis 324).

In the embodiment of FIG. 7, the close proximity between the Hall effect elements
308, 309 and the current conductor 304 is achieved by providing the Hall effect element
308 on the first surface 306a of the first substrate 306, and by providing the Hall effect

element 309 on the first surface 307a of the second substrate 307.

Referring now to FIGS. 8 and 8A, in which like elements are shown having like
reference designations, another exemplary integrated circuit 350 includes a lead frame 352
having a plurality of leads 352a-352h and a current conductor portion 354 provided as a
combination of a first current conductor portion 354a and a second current conductor
portion 354b. The integrated circuit 350 also includes a substrate 356 having a first
surface 356a and a second, opposing, surface 356b. The substrate 356 has a Hall effect
element 358 diffused into the first surface 356a, or otherwise disposed on or supported by
the first surface 356a. The substrate 356 also has two magnetoresistance elements 360a,
360b disposed on or otherwise supported by the first surface 356a of the substrate 356.
The substrate 356 is disposed on the lead frame 352 so that the Hall effect element 358 and
the magnetoresistance elements 360a, 360b are in close proximity to the current conductor

portion 354.

In the illustrated embodiment, the substrate 356 has an orientation that is upside
down (i.e., the first surface 356a is directed downward) in relation to the conventional

orientation of a substrate mounted in an integrated circuit package. The substrate 356 is a
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flip-chip having solder balls 362a-362¢ on the first surface 356a of the substrate 356. The
solder balls 362a-362e couple directly to the leads 352e-352h. An insulator (not shown)
can separate and electrically isolate the substrate 356 from the lead frame 352.

In one particular embodiment, the second current conductor portion 354b is
deposited on the first surface 356a of the substrate 356, while avoiding, or being otherwise
insulated from, the two magnetoresistance elements 360a, 360b. The second current
conductor portion 354b can be deposited by any conventional integrated circuit deposition
technique, including, but not limited to, sputtering and electroplating. In other
embodiments, the second current conductor portion 354b is a conductive structure separate

from, but proximate to, the first surface 356a of the substrate 356.

With this arrangement, the Hall effect element 358 and the magnetoresistance
elements 360a, 360b are disposed in close proximity to the current conductor portion 354
and at a predetermined position relative to the current conductor portion 354 such that a
magnetic field generated by an electrical current passing though the current conductor
portion 354 is in a direction substantially aligned with a maximum response axis of the
Hall effect element 358 and with the maximum response axes of the magnetoresistance
elements 360a, 360b. Here, the Hall effect element 358 has a maximum response axis
aligned with a z-axis 368 and the two magnetoresistance elements have maximum
response axes substantially aligned with an x-axis 364. Therefore, the Hall effect element
358 is disposed to a side (i.e., slightly offset along a y-axis 324) of the current conductor
portion 354, as shown, where the magnetic field is pointed along the z-axis 328. The
magnetoresistance elements 360a, 360b, however, are disposed in a z-axis alignment with

respect to the current conductor portion 354.

In operation, the current 316 flows into the leads 352c, 352d, which are coupled in
parallel, through the current conductor portion 354, and out of the leads 352a, 352b, which
are also coupled in parallel. The current 316 flowing though the current conductor portion
354 generates a magnetic field, which is sensed by the Hall effect element 358 and by the

two magnetoresistance elements 360a, 360b, providing a dual-level current sensor or an
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extended range current sensor in much the same fashion as described above for

embodiments having two substrates.

In other embodiments, the magnetoresistance elements 360a, 360b can be replaced

with vertical Hall effect elements.

As described above, the Hall effect element 358 and the magnetoresistance
elements 360a, 360b are in very close proximity to the current conductor portion 354 and
at a predetermined position relative to the current conductor portion 354 at which the
magnetic field generated by the current is substantially aligned with the maximum
response axis of the elements. This placement results in a greater voltage output from the
Hall effect element 358 and from the magnetoresistance elements 360a, 360b, and

therefore, greater sensitivity.

With this arrangement, it will be appreciated that the current flowing through the
current conductor portion 354 splits between the first and second current conductor

portions 354a, 354D, respectively.

While the lead frame 352 is shown to have the bent leads 352a-352h suitable for
surface mounting to a circuit board, it will be appreciated that a lead frame having leads
with other shapes can also bc; used, including but not limited to, through hole leads having
a straight shape.

While only one Hall effect element 358 is shown on the first surface 356a of the
substrate 356, it will be appreciated that more than one Hall effect element can be used.
Furthermore, while two magnetoresistance elements 360a, 360b are shown, it will be
appreciated that more than two or fewer than two magnetoresistance elements can be used.

Other circuitry, for example an amplifier, can also be diffused on or otherwise coupled to

or supported by the first and/or second surfaces 356a, 356b of the substrate 356.

While five solder balls 320a-320¢e are shown, any number of solder balls can be
provided, including dummy solder balls for stabilizing the substrate 356. Also, while

solder balls 320a-320e are shown, other connection methods can also be used, including,
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but not limited to gold bumps, eutectic or high lead solder bumps, no-lead solder bumps,
gold stud bumps, polymeric conductive bumps, anisotropic conductive paste, conductive
film, and wire bonds.

‘While the substrate is 356 is shown in a flip-chip arrangement, in other
embodiments, the substrate 356 can be conventionally mounted such that the first surface
356a is above the second surface 356b when the integrated circuit 350 is normally
mounted to an uppermost surface of a circuit board. With these arrangements, the first and
second current conductor portions 354a, 354b, respectively, are each above the first
surface 356a of the substrate 356.

The integrated circuits described above in conjunction with FIGS. 1, 1A, 2, 2A, 3,
3A, 4, 5A, 5 and 5A are discussed as used in current sensors, wherein the various magnetic
field sensing elements disposed thereon are responsive to a magnetic field generated by a
current passing through a conductor. However, in other arrangements, the integrated
circuits are used in magnetic field sensors, responsive to a magnetic field external to the
integrated circuits. In still other arrangements, the integrated circuits are used in proximity
sensors, responsive to a magnetic field associated with a moving ferrous object, or other
soft magnetic material, for example, a rotating gear. In still other arrangements, the
integrated circuits are used in proximity sensors, responsive to a magnetic field generated
by a moving permanent magnet, or hard magnetic object. In still other arrangements, the

integrated circuits are used in isolators, responsive to a pulse signal in a conductor or coil.

The integrated circuits described above in conjunction with FIGS. 1‘, 1A, 2, 2A, 3,
3A, 4, 4A, 5 and 5A are described as having two magnetic field sensing elements disposed
on two substrates. However, in other embodiments, instead of having two substrates, an
integrated circuit can have but one substrate , wherein the doping, and/or material of the
two magnetic field sensing elements are different . For example, in some embodiments, a
region of a single Si substrate can be implanted with Ge to create a SiGe Hall effect
element, while a separate Si Hall effect element can be formed elsewhere on the same
substrate. With these arrangements, the two magnetic field sensing elements can have

different sensitivities or can have the same sensitivity.
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Described above in conjunction with FIGS. 1, 1A, 2, 2A, 3, 3A, 4, 4A, 5, and 5A,
electronic components 18, 56, 118, 158, and 220, respectively, can be disposed on surfaces
of respective substrates. The electronic components can be comprised of circuits
described in U.S. Patent Application number 11/336,602, filed on January 20, 2006,
entitled “Current Sensor,” having inventors Michael C. Doogue, Vijay Mangtani, and
William P. Taylor, and having attorney docket number ALLEG-039CUS, which

application is incorporated by reference in its entirety.

All references cited herein are hereby incorporated herein by reference in their

entirety.

Having described preferred embodiments of the invention, it will now become
apparent to one of ordinary skill in the art that other embodiments incorporating their
concepts may be used. It is felt therefore that these embodiments should not be limited to
disclosed embodiments, but rather should be limited only by the spirit and scope of the

appended claims.

What is claimed is:

9%
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CLAIMS
1. An integrated circuit, comprising:
a lead frame;

a first substrate having first and second opposing surfaces, wherein the first
substrate is coupled to the lead frame;

a second substrate having first and second opposing surfaces, wherein the first
substrate and the second substrate are coupled such that the first surface of the second
substrate is proximate to the first surface of the first substrate and the second surface of the
second substrate is distal from the second surface of the second substrate;

an electronic component disposed on the first surface of the first substrate; and

a magnetic field sensing element disposed on the first surface of the second

substrate.

2. The integrated circuit of Claim 1, where the first substrate is coupled to the lead
frame such that the second surface of the first substrate is proximate to the lead frame and

the first surface of the first substrate is distal from the lead frame.

3. The integrated circuit of Claim 1, further including a flux concentrator disposed

proximate to the magnetic field sensing element.

4. The integrated circuit of Claim 1, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a_selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP,

SiGe, ceramic, or glass.

5. The integrated circuit of Claim 1, wherein the second substrate is coupled to the
first substrate with a selected one of a solder ball, a gold bump, a eutectic or high lead
solder bump, a no-lead solder bump, a gold stud bump, a polymeric conductive bump, or
anisotropic conductive paste, or a conductive film. (Why would we not just claim: The

integrated circuit of Claim 1, wherein the second substrate is electrically coupled to the
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first substrate with a conductive element. My idea is that is a bit broader and we can

always fall back to the above list type of claim.)

6. The integrated circuit of Claim 1, further comprising a second magnetic field

sensing element disposed on the first surface of the first substrate.

7. The integrated circuit of Claim 6, further including at least one flux concentrator
disposed proximate to at least one of the magnetic field sensing element or the second

magnetic field sensing element.

8. The integrated circuit of Claim 1, wherein the lead frame further comprises a
plurality of leads, wherein at least two of the plurality of leads are coupled to form a
current conductor portion, wherein the current conductor portion is disposed proximate to
the second substrate, and wherein the integrated circuit is responsive to a current flowing

through the current conductor portion.

9. The integrated circuit of Claim 1, wherein the integrated circuit is adapted to be

responsive to a current passing through a wire.

10. The integrated circuit of Claim 1, further comprising:

a current conductor disposed proximate to the second substrate; and

a flux concentrator shaped so that a first portion of the flux concentrator is
disposed under the lead frame and a second portion of the flux concentrator is disposed

above the second surface of the second substrate.

11. An integrated circuit, comprising:

a lead frame;

a first substrate having first and second opposing surfaces, wherein the first
substrate is coupled to the lead frame such that the second surface of the first substrate is
above the lead frame and the first surface of the first substrate is above the second surface
of the first substrate;

a second substrate having first and second opposing surfaces, wherein the first
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substrate and the second substrate are coupled such that the second surface of the second
substrate is above the first surface of the first substrate and the first surface of the second
substrate is above the second surface of the second substrate;

an electronic component disposed on the first surface of the first substrate; and

a magnetic field sensing element disposed on the first surface of the second

substrate.

12. The integrated circuit of Claim 11, further including a flux concentrator disposed

proximate to the magnetic field sensing element.

13. The integrated circuit of Claim 11, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP,

SiGe, ceramic, or glass.

14. The integrated circuit of Claim 11, wherein the first surface of the second substrate

is coupled to the first surface of the first substrate with a wire bond.

15. The integrated circuit of Claim 11, further comprising a second magnetic field

sensing element disposed on the first surface of the first substrate.

16. The integrated circuit of Claim 15, further including at least one flux concentrator
disposed proximate to at least one of the magnetic field sensing element or the second

magnetic field sensing element.

17. The integrated circuit of Claim 11, wherein the lead frame further comprises a
plurality of leads, wherein at least two of the plurality leads are coupled to form a current
conductor portion, wherein the current conductor portion is disposed proximate to the
second substrate, and wherein the integrated circuit is responsive to a current flowing

through the current conductor portion.

18. The integrated circuit of Claim 11, wherein the integrated circuit is adapted to be
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responsive to a current passing through a wire.

19. The integrated circuit of Claim 11, further comprising:

a current conductor disposed proximate to the second substrate; and

a flux concentrator shaped so that a first portion of the flux concentrator is
disposed under the lead frame and a second portion of the flux concentrator is disposed

above the first surface of the second substrate.

20. An integrated circuit, comprising:

a lead frame;

a first substrate having first and second opposing surfaces, wherein the first
substrate is coupled to the lead frame such that the second surface of the first substrate is
above the lead frame and the first surface of the first substrate is above the second surface
of the first substrate;

a second substrate having first and second opposing surfaces, wherein the second
substrate is coupled to the lead frame such that the second surface of the second substrate
is above the lead frame and the first surface of the second substrate is above the second
surface of the second substrate;

an electronic component disposed on the first surface of the first substrate;

a first magnetic field sensing element disposed on the first surface of the second
substrate; and

a second magnetic field sensing element disposed on the first surface of the first

substrate.

21. The integrated circuit of Claim 20, further including a flux concentrator disposed

proximate to the magnetic field sensing element.

22.  The integrated circuit of Claim 20, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP,

SiGe, ceramic, or glass.
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23. The integrated circuit of Claim 20, wherein the first surface of the second substrate
is coupled to the first surface of the first substrate with a wire bond.

24. The integrated circuit of Claim 23, further including at least one flux concentrator
disposed proximate to at least one of the magnetic field sensing element or the second

magnetic field sensing element.

25. The integrated circuit of Claim 20, wherein the lead frame further comprises a
plurality of leads, wherein at least two of the plurality of leads are coupled to form a
current conductor portion, wherein the current conductor portion is disposed proximate to
the second substrate, and wherein the integrated circuit is responsive to a current flowing

through the current conductor portion.

26. The integrated circuit of Claim 20, wherein the integrated circuit is adapted to be

responsive to a current passing through a wire.

27. The integrated circuit of Claim 20, further comprising:

a current conductor disposed proximate to the second substrate; and

a flux concentrator shaped so that a first portion of the flux concentrator is
disposed under the lead frame and a second portion of the flux concentrator is disposed

above the first surface of the second substrate.

28. An integrated circuit, comprising:

a lead frame;

a base substrate having first and second opposing surfaces, wherein the base
substrate is coupled to the lead frame such that the second surface of the base substrate is
above the lead frame and the first surface of the base substrate is above the second surface
of the base substrate; N

a first substrate having first and second opposing surfaces, wherein the first
substrate is coupled to the base substrate such that the first surface of the first substrate is
above the first surface of the base substrate and the second surface of the first substrate is

above the first surface of the first substrate;
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a second substrate having first and second opposing surfaces, wherein the second
substrate is coupled to the base, substrate such that the first surface of the second substrate
is above the first surface of the base substrate and the second surface of the second
substrate is above the first surface of the second substrate;

an electronic component disposed on the first surface of the first substrate; and

a magnetic field sensing element disposed on the first surface of the second

substrate.

20. The integrated circuit of Claim 28, further including a flux concentrator disposed

proximate to the magnetic field sensing element.

30. The integrated circuit of Claim 28, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP,

SiGe, ceramic, or glass.

31. The integrated circuit of Claim 28, wherein the first surface of the second substrate
is coupled to the first surface of the base substrate with a selected one of a solder ball, a
gold bump, a eutectic or high lead solder bump, a no-lead solder bump, a gold stud bump,
a polymeric conductive bump, an anisotropic conductive paste, or a conductive film, and
the first surface of the first substrate is coupled to the first surface of the base substrate
with a selected one of a solder ball, a gold bump, a eutectic or high lead solder bump, a no-
lead solder bump, a gold stud bump, a polymeric conductive bump, an anisotropic

conductive paste, or a conductive film.

32. The integrated circuit of Claim 28, further comprising a second magnetic field

sensing element disposed on the first surface of the first substrate.
33. The integrated circuit of Claim 32, further including at least one flux concentrator

disposed proximate to at least one of the magnetic field sensing element or the second

magnetic field sensing element.
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34.  The integrated circuit of Claim 28, wherein the lead frame further comprises a
plurality of leads, wherein at least two of the plurality of leads are coupled to form a
current conductor portion, wherein the current conductor portion is disposed proximate to
the second substrate, and wherein the integrated circuit is responsive to a current flowing

through the current conductor portion.

35. The integrated circuit of Claim 28, wherein the integrated circuit is adapted to be

responsive to a current passing through a wire.

36. The integrated circuit of Claim 28, further comprising:

a current conductor disposed proximate to the second substrate; and

a flux concentrator shaped so that a first portion of the flux concentrator is
disposed under the lead frame and a second portion of the flux concentrator is disposed

above the second surface of the second substrate.

37. An integrated circuit, comprising;:

a lead frame;

a base substrate having first and second opposing surfaces, wherein the base
substrate is coupled to the lead frame such that the second surface of the base substrate is
above the lead frame and the first surface of the base substrate is above the second surface
of the base substrate;

a first substrate having first and second opposing surfaces, wherein the first
substrate is coupled to the base substrate such that the second surface of the first substrate
is above the first surface of the base substrate and the first surface of the first substrate is
above the second surface of the first substrate;

a second substrate having first and second opposing surfaces, wherein the second
substrate is coupled to the base substrate such that the second surface of the second
substrate is above the first surface of the base substrate and the first surface of the second
substrate is above the second surface of the second substrate;

an electronic component disposed on the first surface of the first substrate; and

a magnetic field sensing element disposed on the first surface of the second

substrate.
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38. The integrated circuit of Claim 37, further including a flux concentrator disposed

proximate to the magnetic field sensing element.

39. The integrated circuit of Claim 37, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP,

SiGe, ceramic, or glass.

40. The integrated circuit of Claim 37, wherein the first surface of the second substrate
is coupled with a wire bond to at least one of the first surface of the first substrate or the
first surface of the base substrate.

41, The integrated circuit of Claim 37, further comprising a second magnetic field

sensing element disposed on the first surface of the first substrate.

42. The integrated circuit of Claim 41, further including at least one flux concentrator
disposed proximate to at least one of the magnetic field sensing element or the second

magnetic field sensing element.

43. The integrated circuit of Claim 37, wherein the lead frame further comprises a
plurality of leads, wherein at least two of the plurality of leads are coupled to form a
current conductor portion, wherein the current conductor portion is disposed proximate to
the second substrate, and wherein the integrated circuit is responsive to a current flowing

through the current conductor portion.

44, The integrated circuit of Claim 37, wherein the integrated circuit is adapted to be

responsive to a current passing through a wire.

45. The integrated circuit of Claim 37, further comprising:
a current conductor disposed proximate to the second substrate; and

a flux concentrator shaped so that a first portion of the flux concentrator is

40



10

15

20

25

30

WO 2007/087121 PCT/US2007/000093

disposed under the lead frame and a second portion of the flux concentrator is disposed

above the first surface of the second substrate.

46. An integrated circuit, comprising:

a first magnetic field sensing element having a first sensitivity to a magnetic field;

a second magnetic field sensing element having a second different sensitivity to the
magnetic field; and

a circuit coupled to the first and second magnetic field sensing elements, operable
to provide the integrated circuit with a first sensitivity range and a second different

sensitivity range in response to the magnetic field.

47. The integrated circuit of Claim 46, wherein the first magnetic field sensing element

and the second magnetic field sensing element are Hall effect elements.

48. The integfated circuit of Claim 46, wherein the first magnetic field sensing element

and the second magnetic field sensing element are magnetoresistance elements.

49, The integrated circuit of Claim 46, wherein the first magnetic field sensing element
is a Hall effect element and the second magnetic field sensing element is a

magnetoresistance element.

50. The integrated circuit of Claim 46, further comprising a lead frame having a
plurality of leads, wherein at least two of the plurality of leads are coupled to form a
current conductor portion, wherein the current conductor portion is disposed proximate to
the first and second magnetic field sensing elements, and wherein the integrated circuit is

responsive to a current flowing through the current conductor portion.

51. An integrated circuit, comprising:
a first substrate;
a circuit element disposed on a surface of the first substrate;
a second substrate coupled to the first substrate; and

a Hall effect element disposed on a surface of the second substrate.
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52. The integrated circuit of Claim 5 1, further comprising a Hall effect element
disposed on a surface of the first substrate.

53. The integrated circuit of Claim 51, further comprising a magnetoresistance element

disposed on a surface of the first substrate.

- 54. The integrated circuit of Claim 51, wherein the first substrate is comprised of a

selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InGaAs, InSb, InGaAsP,

SiGe, ceramic, or glass.

55. An integrated circuit, comprising:
a first substrate;
a circuit element disposed on a surface of the first substrate;
a Hall effect element disposed on a surface of the first substrate;
a second substrate coupled to the first substrate, and

a magnetoresistance element disposed on a surface of the second substrate.

56. The integrated circuit of Claim 55, wherein the first substrate is comprised of a
selected one of Si, GaAs, InP, InSb, InGaAs, InGaAsP, SiGe, ceramic, or glass and the
second substrate is comprised of a selected one of Si, GaAs, InP, InSb, InGaAsP, SiGe,

ceramic, or glass.

57.  Anintegrated circuit, comprising:
a substrate;
a first magnetic field sensing element disposed on a surface of the substrate; and
a second magnetic field sensing element disposed on a surface of the substrate,
wherein the second magnetic field sensing element has a different structure than the first

magnetic field sensing element.

58.  The integrated circuit of Claim 57, wherein the first magnetic field sensing element
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comprises a Hall effect element and the second magnetic field sensing element comprises

a magnetoresisance element.
59. The integrated circuit of claim 57, wherein the first magnetic field sensing element
comprises a Hall effect element and the second magnetic field sensing element comprises

a Hall effect element having a different sensitivity than the first Hall effect element.

60. The integrated circuit of Claim 57, further comprising a circuit element disposed

on a surface of the substrate.
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