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(57) Abstract: Structures and methods of pro-
tecting membranes on pressure sensors. One ex-
ample may provide a pressure sensor having a
backside cavity defining a frame and under a
membrane formed in a device layer. The pres-
sure sensor may further include a cap joined to
the device layer by a bonding layer. A recess for
a reference cavity may be formed in one or more
of the cap, bonding layer, and membrane or oth-
er device layer portion. The recess may have a
width that is narrower than a width of the back-
side cavity in at least one direction. In other ex-
amples, the recess may be shaped such that it
has an outer edge that is within an outer edge of
the backside cavity. This may reinforce a junc-
tion of the device layer and frame. The recess
may define an active membrane spaced away
from the device layer and backside cavity junc-
tion.
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PRESSURE SENSOR HAVING CAP-DEFINED MEMBRANE

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application a PCT application claiming priority to United States provisional
patent applications numbered 62/030,604, filed on July 29, 2014, and 62/090,306, filed

December 10, 2014, which are incorporated by reference.

BACKGROUND
[0002] Pressure sensing devices have become ubiquitous the past few years as they have
found their way into many types of products. Utilized in automotive, industrial, consumer,
and medical products, the demand for pressure sensing devices has skyrocketed and shows no
signs of abating.
[0003] Pressure sensing devices may include pressure sensors as well as other components.
Pressure sensors may typically include a diaphragm or membrane. Typically, this membrane
is formed by creating the Wheatstone bridge in a silicon wafer, then etching away the silicon
from the opposite surface until a thin layer of silicon is formed beneath the Wheatstone
bridge. The thin layer is a membrane that may be surrounded by a thicker, non-etched silicon
water portion forming a frame. When a pressure sensor in a pressure sensing device
experiences a pressure, the membrane may respond by changing shape. This change in shape
causes one or more characteristics of electronic components on the membrane to change.
These changing characteristics can be measured, and from these measurements, the pressure
can be determined.
[0004] Often, the electronic components are resistors that are configured as a Wheatstone
bridge located on the membrane. As the membrane distorts under pressure, the resistance of
the resistors also changes. This change results in an output of the Wheatstone bridge. This
change can be measured through wires or leads attached to the resistors.
[0005] Conventional pressure sensors may be formed of a diaphragm or membrane
attached to and surrounded by a frame. In some pressure sensors, the sensor may measure a
pressure difference between two different locations, such as the two sides of a filter. These
may be referred to as gauge pressure sensors. In other types of sensors, an output may be
compared to a known, consistent pressure, which may typically be a vacuum. This type of
sensor may be referred to as an absolute pressure sensor. In an absolute pressure sensor, a

first side of the membrane may be exposed to the media to be measured, while a second side
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may be in contact with the reference chamber, which may be a vacuum chamber. The first
side of the membrane exposed to the media may be subjected to high pressures.

[0006] This high pressure on the membrane may result in a highly concentrated tensile
force at the frame-membrane junction. This stress may create cracks or other damage in the
silicon crystal structure of the membrane. This damage may lead to errors in pressure
measurements or non-functionality of the pressure sensor.

[0007] Thus, what is needed are structures and methods of protecting a membrane on a

pressure sensor from damage due to high pressures.

SUMMARY
[0008] Accordingly, embodiments of the present invention may provide structures and
methods of protecting a membrane on a pressure sensor from damage due to high pressures.
An illustrative example may provide a pressure sensor having a first wafer portion including
a handle wafer or layer and a device wafer or layer, the handle wafer or layer having a
backside cavity, the backside cavity defining a membrane in the device wafer or layer. The
pressure sensor may further include a bonding layer over the membrane and a cap over or
attached to the bonding layer. The bonding layer may be an oxide layer formed on the device
wafer, the cap wafer, or both. In various embodiments of the present invention, a reference
cavity may be formed in one or more of the membrane, the bonding layer, the cap, or other
layer or portion of the pressure sensor. The reference cavity, regardless of which layer or
layers in which it resides, may have a lateral or planar width that is narrower than a width of
the backside cavity in at least one direction. In other embodiments, the reference cavity may
be shaped such that it has an outer edge that is within an outer edge of the backside cavity.
This may provide reinforcement and reduce stress at a junction of the membrane and frame.
Also, the narrower reference cavity may define an active portion of the membrane such that
the active portion of the membrane is spaced away from the device layer and backside cavity
junction. (As used here, a membrane may be defined by a backside cavity and a frame, while
a portion of the membrane, the active membrane, may be defined by a reference cavity. Also
as used here, the more general term membrane may mean either membrane or active
membrane, particularly where the distinction is not critical.) In various embodiments of the
present invention, the device wafer or layer may be formed of a silicon wafer portion or other
material, the bonding layer may comprise silicon dioxide or glass or other material, while the
cap or cap layer may be formed of a silicon wafer portion, silicon dioxide or glass, or other

glass, including a heat-resistant glass with a low-temperature coefficient or temperature
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coefficient close to that of silicon, such as a borosilicate glass including Pyrex®, which is
licensed by Corning Incorporated, or other material.

[0009] Embodiments of the present invention may provide sensors that simplify
manufacturing. Again, a membrane on a sensor may be fabricated by first creating a
Wheatstone bridge in a silicon wafer, and then etching away the silicon beneath the
Wheatstone bridge to form a thin membrane of silicon containing the Wheatstone bridge.
One factor affecting the sensitivity of the device may be the proximity of the resistors of the
Wheatstone bridge to the edges of the active membrane. Embodiments of the present
invention may provide a pressure sensor in which the edges of an active portion of the
membrane are determined by the location of the reference cavity, rather than the backside
cavity cut from the back of the silicon. Because the reference cavity is much thinner than the
cavity cut from the backside of the silicon, it may be easier to align the Wheatstone bridge to
the edges of the active membrane during manufacturing. The relative thinness of the
reference cavity may also help in controlling the size of the cavity. Moreover, the reference
cavity and the Wheatstone bridge may be on the same side of the device, rather than on
opposite sides, which may make them ecasier to align. Also, by locating the reference cavity
in the device wafer or bonding layer on the device wafer, alignment during bonding may not
be as critical as compared to when a reference cavity is etched into a cap layer or wafer, since
this second configuration may require the alignment of two wafers during bonding.

[0010] Embodiments of the present invention may also provide pressure sensors that are
protected from damage by high pressures in at least two ways. In conventional pressure
sensors, the size of the membrane may be determined by the size of the cavity etched into the
backside of the wafer. In various embodiments of the present invention, this restriction on
the size of the backside cavity may be removed. Significantly, the size of the active portion
of the membrane is no longer determined by the size of the backside cavity, and thus the size
of the backside cavity can be made much larger than the size of the active portion of the
membrane. As the size of the backside cavity increases, a tensile stress generated at the
corner of the backside cavity may be reduced. Also, the edge of the active membrane, where
the most stress is generated, is no longer proximate with the corner of the back cavity. Thus,
the highest stress may not only be reduced, but the locus of the highest stress may shift to a
top side corner of the active membrane, and this stress may be compressive rather than
tensile. Silicon can withstand a higher compressive stress than tensile stress before
fracturing, further protecting the device from damage.

[0011] Embodiments of the present invention may also limit damage caused by high

pressures of fluids in the backside cavity by limiting an amount the membrane may deflect.
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Specifically, the reference cavity above the active portion of the membrane may have a
height or thickness such that it may limit the deflection of the membrane. This may prevent
the membrane from deflecting more than an amount where damage may occur due to high or
excessively high pressures. In a specific embodiment of the present invention, it may be
desirable that the membrane deflect a first distance during normal operation. It may also be
expected that damage may occur if the membrane is allowed to deflect a second distance, the
second distance greater than the first. In this example, the reference cavity may have a
thickness or height such that the membrane is prevented from deflecting more than a third
distance, the third distance greater than the first distance to allow desired operation, but less
than the second distance to prevent damage.

[0012] In various embodiments of the present invention, various layers may be included or
omitted in embodiments of the present invention. For example, an optional layer of
cutectically-bondable metal or other material may be placed on the back or bottom of the
device. This layer may be formed as a thin layer of gold on the back or bottom of the device
for bonding purposes. This layer may facilitate bonding to a second integrated circuit device,
a device package, a device enclosure, or a printed or flexible circuit board or other substrate.
An optional layer of polysilicon or other material may be placed or formed on a top surface
of device layer or wafer. This optional layer may be located on a top surface of the device
layer and under the bonding or oxide layer. That is, optional layer may be located between
device layer or wafer and bonding or oxide layer.

[0013] Various embodiments of the present invention may incorporate one or more of these
and the other features described herein. A better understanding of the nature and advantages
of the present invention may be gained by reference to the following detailed description and

the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0014] Figure 1 illustrates a side view of a pressure sensor according to an embodiment of
the present invention;
[0015] Figure 2 illustrates a top view of a pressure sensor according to an embodiment of
the present invention;
[0016] Figure 3 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;
[0017] Figure 4 illustrates a portion of a pressure sensor being manufactured according to

an embodiment of the present invention;
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[0018] Figure 5 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0019] Figure 6 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0020] Figure 7 illustrates a side view of a portion of a pressure sensor according to an
embodiment of the present invention;

[0021] Figure 8 illustrates a side view of a pressure sensor according to an embodiment of
the present invention;

[0022] Figure 9 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0023] Figure 10 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0024] Figure 11 illustrates a side view of a portion of a pressure sensor according to an
embodiment of the present invention;

[0025] Figure 12 illustrates a side view of a portion of a pressure sensor according to an
embodiment of the present invention;

[0026] Figure 13 illustrates a side view of another pressure sensor according to an
embodiment of the present invention;

[0027] Figure 14 illustrates a top view of a pressure sensor according to an embodiment of
the present invention;

[0028] Figure 15 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0029] Figure 16 illustrates a side view of another pressure sensor according to an
embodiment of the present invention;

[0030] Figure 17 illustrates a top view of a pressure sensor according to an embodiment of
the present invention;

[0031] Figure 18 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0032] Figure 19 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention;

[0033] Figure 20 illustrates a portion of a pressure sensor being manufactured according to
an embodiment of the present invention; and

[0034] Figure 21 illustrates a side view of another pressure sensor according to an

embodiment of the present invention.
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DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS
[0035] Figure 1 illustrates a side view of a pressure sensor according to an embodiment of
the present invention. This figure, as with the other included figures, is shown for illustrative
purposes and does not limit either the possible embodiments of the present invention or the
claims.
[0036] This pressure sensor may include cap 160 attached to a top of a first wafer portion
of a pressure sensor, where the first wafer portion further includes device wafer or layer 130
and handle wafer or layer 110. Device wafer of layer 130 may be supported by handle wafer
or layer 110. Handle wafer or layer 110 may include a backside cavity 114 defining an edge
of sidewall 112. Backside cavity 114 may extend from a bottom surface of handle wafer or
layer 110 to a bottom 122 of oxide layer 120. Device layer 130 may have one or more
electrical components 132 formed in its top surface. Electrical components 132 may be
protected by oxide layer 140.
[0037] Cap 160 may include oxide layer 150 on a bottom surface, though oxide layer 150
may be omitted in various embodiments of the present invention. Cap 160 may be attached
to device layer 130 by fusion bonding oxide layer 150 to oxide layer 140. Where one or
more oxide layers 140 or 150 are omitted, cap 160 may be attached to device layer 130 by
fusion bonding cap 160 to oxide layer 140, by fusion bonding oxide layer 150 to device layer
130, or by fusion bonding cap layer 160 directly to device layer 130. Oxide layer 150 may be
etched before fusion bonding to form a recess, which may form reference cavity 152.
Reference cavity 152 may be defined by outer edge 154. While reference cavity 152 is
formed in oxide layer 150, in this and other embodiments of the present invention, reference
cavity 152 may be formed in oxide layer 150 and cap layer 160, in oxide layer 150 and oxide
layer 140, in device layer 130, or in any combination thereof.
[0038] Reference cavity 152 may have a width that is narrower than a width of backside
cavity 114 in at least one direction. Specifically, a distance 192 from a center line of the
pressure sensor to an edge 154 of reference cavity 152 may be shorter than a distance 194
from a center line to an edge 112 of backside cavity 114. In this way, an active portion of a
membrane defined by edge 154 may be narrower than the membrane defined by edge 112. In
various embodiments of the present invention, an outside edge of reference cavity 152 may
be inside of an edge of backside cavity 114, where the edges are considered vertically in this
and other embodiments.
[0039] In conventional pressure sensors, cap 160 may be absent. In such case, as a
membrane or diaphragm formed by a backside cavity deflects, a junction point between a

diaphragm and frame may experience a large tensile force. In this figure, if cap 160 were
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absent, this force would be concentrated at location 124. This concentration of force may
result in cracks or other damage at or near location 124.

[0040] Accordingly, embodiments of the present invention may provide a cap or other
reinforcing structure, such as cap 160, where a reference cavity, such as reference cavity 152,
may be narrower than a backside cavity, such as backside cavity 114. In this case, location
124 may be reinforced by cap 160. Also, the location of highest stress may move from the
location 124 to location 159. The stress at location 159 is compressive when pressure is
applied to the underside of membrane 122, rather than tensile. Further, even when one or
more cracks or other damage appears at or near location 124, the cracks are away from the
active membrane area, which is defined by reference cavity 152.

[0041] Also, in conventional pressure sensors, a membrane or diaphragm may deflect an
amount that may cause damage to the pressure sensor. This may occur due to the presence of
unforeseen high pressures of fluids in the backside cavity, or by another event.

[0042] Accordingly, embodiments of the present invention may provide a reference cavity
having height or thickness that limits a maximum deflection of the active membrane. In
various embodiments of the present invention, this height or thickness may be such that an
active membrane may be able to deflect enough for desired operation, but not enough to
cause damage to the pressure sensor. Specifically, edge 154 may have a height that allows
the active membrane to deflect enough for proper operation of the pressure sensor, but not
enough to cause damage or rupture the membrane. Instead, the active membrane deflects
such that it reaches a top of the reference cavity 152 and cannot go any further even if the
pressure continues to increase, preventing damage from being caused. That is, the top of the
reference cavity 152 may act as a deflection stop to prevent damage to the pressure sensor. In
various embodiments of the present invention, the topside of reference cavity 152, the
underside of cap 160, may include one or more bosses or other structures that may determine
a height of the reference cavity 152 and the maximum deflection of the active membrane.
[0043] In various embodiments of the present invention, the structures used in pressure
sensors may have various sizes and width. For example, handle wafer or portion may have a
thickness of 250 to 600 microns, though it may be thinner than 250 or thicker than 600
microns. Device wafer or layer 130 may be considerable thinner since it forms the
membrane. This thickness may be 15-25 microns, though it may be thinner than 15 or thicker
than 25 microns. The cap wafer or layer 160, and other cap wafer or layers, may have a
thickness that is at least approximately 150 microns, though it may be narrower or thicker
than 150 microns. The buried or bonding oxide layers 120, 140, and 150 may have a

thickness between 0.1 and 3 microns, though they may be thinner or thicker than this range.
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The reference cavity 136, as with the other reference cavities in other embodiments of the
present invention, may have a thickness or height of 100 nm to 500 nm, though in other
embodiments may it may be from 50 m to 1000 nm. A specific embodiment of the present
invention may have a reference cavity having a height of 4000 A.

[0044] In this and other embodiments of the present invention, an optional layer 117 of
cutectically-bondable metal or other material may be placed on the back or bottom of handle
wafer 110. This layer may be formed as a thin layer of gold on the back or bottom of the
device for bonding purposes. Layer 117 may facilitate bonding to a second integrated circuit
device, a device package, a device enclosure, or a printed or flexible circuit board or other
substrate. Optional layer 117 has been omitted from the other figures for clarity.

[0045] In this and other embodiments of the present invention, an optional layer 137 of
polysilicon or other material may be placed or formed on a top surface of device layer or
wafer 110. Optional layer 137 may be located on a top surface of the device layer 130 and
under the bonding or oxide layer 140. That is, optional layer 137 may be located between
device layer or wafer 130 and bonding or oxide layer 140. Polysilicon layer 137 may provide
a field shield to stabilize the electrical performance of the resistors or other components 132
on the top surface of device layer 130. Optional layer 137 has been omitted from the other
figures for clarity.

[0046] Again, reference cavity 152 may have a width that is narrower than a width of the
backside cavity 114 in at least one direction. In this in other embodiments, reference cavity
152 may be sized and aligned such that it fits within the outer boundaries of backside cavity
114. The result may be that the device membrane is defined in size by recess 152 in cap 160,
instead of backside cavity 114, as is conventional. An example is shown in the following
figure.

[0047] Figure 2 illustrates a top view of a pressure sensor according to an embodiment of
the present invention. Again, cap 160 may be placed on a first wafer portion including
handle wafer or layer 110 and device wafer or layer 130. In this example, recess 152 may
have edges 154 that are arranged to fit within edges 112 of backside cavity 114. In this
example, recess 152 may define the area of the pressure sensor’s active membrane. In
various embodiments of the present invention, the active membrane may have various sizes.
For example, it may be 240 by 240 microns in size. The active membrane thickness may be
on the order of 20 microns. Such a membrane or diaphragm may support and be able to

measure pressures up to 20 bar, 120 bar, or more.
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[0048] The various layers shown here may be omitted, and others may be included
consistent with embodiments of the present invention. A specific example of a method of
manufacturing an embodiment of the present invention is shown in the following figures.
[0049] Figure 3 illustrates a first wafer portion according to an embodiment of the present
invention. This wafer portion may include device wafer or layer 130 and handle wafer or
layer 110 joined by oxide layer 120 and then thinned. In various embodiments of the present
invention, such a structure may be commercially available. In other embodiments of the
present invention, oxide layer 120 may be grown on a first wafer 110. A second or device
wafer 130 may be fusion bonded to a top side of oxide layer 120. Device wafer 130 may also
include an oxide layer, not shown, or oxide layer 120 may be grown on a bottom side device
wafer 130. In still other embodiments of the present invention, device layer 130 may be
grown as an epitaxial layer on oxide layer 120.

[0050] In Figure 4, backside cavity 114 may be formed. Backside cavity 114 may be
formed by etching, for example by using deep reactive-ion etching (DRIE), micromachining,
or other technique. Backside cavity 114 may extend from a bottom of handle wafer or layer
110 to a bottom 122 of buried oxide layer 120. One or more electrical components 132 may
be placed on, or formed in or on, a top surface of device wafer 130. For example,
piezoelectric resistors may be implanted or diffused in a top surface of device wafer or layer
130. Interconnect traces may be formed on the top surface of device wafer or layer 130. An
oxide layer or bonding layer 140 may be grown over device layer 130. This oxide layer 140
may help to protect components 132.

[0051] In Figure 5, cap 160 may be provided. An oxide layer 150 may be grown on a
bottom side of cap 160.

[0052] In Figure 6, an opening 152 may be etched in oxide layer 150 on bottom side of
160. The resulting cap may be attached to the structure in Figure 4 to produce a pressure
sensor shown in Figure 1.

[0053] Figure 7 illustrates a side view of a portion of a pressure sensor according to an
embodiment of the present invention. Again, a handle wafer 110 may support a device layer
wafer 130. A buried oxide layer 120 may be located between handle wafer portion 110 and
device wafer portion 130. Backside cavity 114 may extend from a bottom side of handle
wafer 110 to a bottom side 122 of oxide layer 120. Oxide layer 140 may be grown on top of
device wafer 130, and an oxide layer 150 may be grown on a bottom side of cap wafer or
layer 160, though in various embodiments of the present invention, one or more oxide layers

140 or 150 may be omitted. Oxide layers 140 and 150 may be fusion bonded to join cap 160
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to device wafer layer 130. Cap 160 may include recess 152 defined by sidewalls or edges
154. Edges 154 may be flat or have other shapes.

[0054] Again, other embodiments of the present invention may provide pressure sensors
having a recess that is narrower in at least one direction than a backside cavity. An example
is shown in the following figure.

[0055] Figure 8 illustrates a side view of a pressure sensor according to an embodiment of
the present invention. In this example, cap 810 may be attached to a top side of device wafer
layer 130. Cap 810 may include a recess 812 defining edges 814. Recess 812 may have a
width that is narrower in a first direction than a width of backside cavity 114 in the same
direction. That is, a distance 892 from a center line of the pressure sensor to an outside edge
814 of recess 812 may be shorter than a distance from the center line to an edge 112 of
backside cavity 114. In this and other embodiments of the present invention, edges 814 may
be arranged such that they fit within edge 112 of backside cavity 114, again, from a vertical
point of view. Also, while in this example, recess 812 may be formed in cap 810, in other
embodiments of the present invention, recess 812 may be formed in cap 810, oxide layer 140,
device layer 130, or any combination thereof.

[0056] As before, various techniques may be utilized to manufacture these pressure
sensors. Similar steps to those shown in Figures 3 through Figure 6 may be utilized to form
handle wafer or layer 110, oxide layer 120, device layer or wafer 130, and oxide layer 140.
Examples of how cap 810 may be formed are shown in the following figures.

[0057] In Figure 9, a layer of silicon nitride 910 may be deposited on a bottom side of cap
810. An opening 912 may be formed in the silicon nitride layer 910. An oxide layer may
then be grown. This oxide layer may have limited growth on a silicon nitride 910, but may
consume silicon not protected and exposed by opening 912. This oxide may be removed in
Figure 10 to form recess 812. The silicon nitride layer 910 may also be removed, and there
the resulting cap 810 may be fusion bonded to oxide layer 140 on the top of device wafer
layer 130 to form the pressure sensor shown in Figure 8. In other embodiments of the present
invention, oxide layer 140 may be omitted, and cap 810 may be bonded to device layer 130.
[0058] Figure 11 illustrates a side view of a portion of a pressure sensor according to an
embodiment of the present invention. As before, handle wafer or layer 110 may be used to
support device wafer or layer 130. Handle wafer 110 may have a backside cavity 114
extending from a bottom of handle wafer or layer 110 to a bottom side of oxide layer 120.
An oxide layer 140 may be grown on top of device wafer 130. Cap 810 may be fusion
bonded to oxide layer 140. Specifically, silicon on a bottom side of cap 810 may be fusion

bonded to oxide layer 140, which may have been grown on device wafer or layer 130. Again,
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recess 812 may be defined by edges 814. Edges 814 may be flat as shown or have other
shapes.

[0059] Again, edges 814 of cavity 812 may have other shapes. An example is shown in the
following figure.

[0060] Figure 12 illustrates an example where an edge 814 of cavity 812 may be curved.
This curvature may be caused by the unidirectional consumption of silicon in cap 810 when
an oxide layer is grown on a bottom side of cap 810.

[0061] Figure 13 illustrates a side view of another pressure sensor according to an
embodiment of the present invention. As before, this pressure sensor may include cap 160
attached to a top of a first wafer portion that includes device wafer or layer 130 and handle
wafer or layer 110. Device wafer of layer 130 may be supported by handle wafer or layer
110. Handle wafer or layer 110 may include a backside cavity 114 defining an edge of
sidewall 112. Backside cavity 114 may extend from a bottom surface of handle wafer or
layer 110 to a bottom 122 of oxide layer 120. Device layer 130 may have one or more
electrical components 132 formed in its top surface. Electrical components 132 may be
protected by oxide layer 140.

[0062] Cap 160 may include oxide layer 150 on a bottom surface, though in this and other
embodiments of the present invention, oxide layer 150 may be omitted. Cap 160 may be
attached to device layer 130 by fusion bonding oxide layer 150 to oxide layer 140. Where
oxide layer 150 is not used, cap 160 may be fusion bonded directly to oxide layer 140. Oxide
layer 140 may be etched before fusion bonding to form a recess, which is reference cavity
142. Etching oxide layer 140, or other oxide layer, provides an advantage in that oxide
etching is traditionally a very well-controlled process step. Also, the thickness of the
reference cavity may be precisely controlled by the thickness of the thermal oxide layer 140,
which is also a very well-controlled process. Reference cavity 142 may be defined by outer
edge 144. While in this example reference cavity is shown as extending through oxide layer
140, in various embodiments of the present invention, reference cavity 142 may extend only
part way through oxide layer 140. As compared to forming a reference cavity in the cap 160
(as shown in Figure 1), forming the reference cavity in the oxide layer 140 may simplify the
alignment of cap 160 to the membrane. This may be at least partly due to the fact that cap
160 is only used to cover the reference cavity and does not itself define the reference cavity
or active membrane. Also, while reference cavity 142 may be formed in oxide layer 140, in
other embodiments of the present invention, reference cavity 142 may be formed in oxide

layer 140, oxide layer 150, oxide layer 140, cap 160, or any combination thereof.
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[0063] Reference cavity 142 may have a width that is narrower than a width of backside
cavity 114 in at least one direction. Specifically, a distance 192 from a center line of the
pressure sensor to an edge 144 of reference cavity 142 may be shorter than a distance 194
from a center line to an edge 112 of backside cavity 114. In this way, an active portion of a
membrane defined by edge 144 may be narrower than the active membrane defined by edge
112.

[0064] In conventional pressure sensors, cap 160 may be absent, or cap 160 may have a
recess that forms an opening that is wider than a corresponding backside cavity. In such case,
as a membrane or diaphragm formed by a backside cavity deflects, a junction point between a
diaphragm and frame may experience a large tensile force. In this figure, if cap 160 were
absent, this force would be concentrated at location 124. This concentration of force may
result in cracks or other damage at or near location 124.

[0065] Accordingly, as described above, embodiments of the present invention may
provide a cap or other reinforcing structure, such as cap 160, where a reference cavity, such
as reference cavity 142, may be narrower than a backside cavity, such as backside cavity 114.
In this case, location 124 may be reinforced by cap 160. Also, the location of highest stress
moves from the location 124 to location 149. The stress at location 149 is compressive when
pressure is applied to the underside of membrane 122, rather than tensile. Further, even when
one or more cracks or other damage appears at or near location 124, the cracks are away from
the membrane area, which is defined by reference cavity 142.

[0066] Also, in conventional pressure sensors, a membrane or diaphragm may deflect an
amount that may cause damage to the pressure sensor. This may occur due to the presence of
unforeseen high pressures from fluids in the backside cavity, or by another event.

[0067] Accordingly, embodiments of the present invention may provide a reference cavity
having height or thickness that limits a maximum deflection of the membrane. In various
embodiments of the present invention, this height or thickness may be such that a membrane
may be able to deflect enough for desired operation, but not enough to cause damage to the
pressure sensor. Specifically, edge 144 may have a height that allows the membrane to
deflect enough for proper operation of the pressure sensor, but not enough to cause damage or
rupture the membrane. Instead, the membrane deflects such that it reaches a top of the
reference cavity 142 and cannot go any further before damage is caused. That is, the top of
the reference cavity 142 may act as a deflection stop to prevent damage to the pressure
sensor. In this and other embodiments of the present invention, one or more surfaces, such as
the top surface of reference cavity 142 may include one or more bosses or other structures

that may act as a stop or limit on the amount that an active membrane may deflect.

12



10

15

20

25

30

35

WO 2016/018461 PCT/US2015/015955

[0068] Again, in various embodiments of the present invention, the structures used in
pressure sensors may have various sizes and width. For example, handle wafer or portion
may have a thickness of 250 to 600 microns, though it may be thinner than 250 or thicker
than 600 microns. Device wafer or layer 130 may be considerable thinner since it forms the
membrane. This thickness may be 15-25 microns, though it may be thinner than 15 or thicker
than 25 microns. The cap wafer or layer 160, and other cap wafer or layers, may have a
thickness that is at least approximately 150 microns, though it may be narrower or thicker
than 150 microns. The buried or bonding oxide layers 120, 140, and 150 may have a
thickness between 0.1 and 3 microns, though they may be thinner or thicker than this range.
The reference cavity 142, as with the other reference cavities in other embodiments of the
present invention, may have a thickness or height of 100 nm to 500 nm, though in other
embodiments may it may be from 50 m to 1000 nm. A specific embodiment of the present
invention may have a reference cavity having a height of 4000 A.

[0069] Again, reference cavity 142 may have a width that is narrower than a width of the
backside cavity 114 in at least one direction. In this in other embodiments, reference cavity
142 may be sized and aligned such that it fits within backside cavity 114. The result is that
the device membrane is defined in size by recess 142 in oxide layer 140, instead of backside
cavity 114, as is conventional. An example is shown in the following figure.

[0070] Figure 14 illustrates a top view of a pressure sensor according to an embodiment of
the present invention. Again, cap 160 may be placed on a first wafer portion including
handle wafer or layer 110 and device layer or wafer 130. In this example, reference cavity
142 may have edges 144 that are arranged to fit within edges 112 of backside cavity 114. In
this example, reference cavity 142 may define the area of the pressure sensor’s active
membrane. In various embodiments of the present invention, the active membrane may have
various sizes. For example, it may be 240 by 240 microns in size. The membrane thickness
may be on the order of 20 microns. Such a membrane or diaphragm may support and be able
to measure pressures up to 20 bar, 120 bar, or more.

[0071] The various layers shown here may be omitted, and others may be included
consistent with embodiments of the present invention. A specific example of a method of
manufacturing an embodiment of the present invention is shown in the following figures.
[0072] Figure 15 illustrates a portion of a pressure sensor being manufactured. This
portion may be formed in a same or similar manner as the portion shown in Figure 4.
Additionally, a recess may be formed in layer 140 that will form reference cavity 142. Again
while the reference cavity 142 is shown as extending through oxide layer 140, in other

embodiments of the present invention, reference cavity 142 may extend only partly though
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oxide layer 140. A cap 160, either with or without oxide layer 150, may be placed over
reference cavity 142 to form the pressure sensor of Figure 13.

[0073] Figure 16 illustrates a side view of another pressure sensor according to an
embodiment of the present invention. As before, this pressure sensor may include cap 160
attached to a top of a first wafer portion that includes device wafer or layer 130 and handle
wafer or layer 110. Device wafer of layer 130 may be supported by handle wafer or layer
110. Handle wafer or layer 110 may include a backside cavity 114 defining an edge of
sidewall 112. Backside cavity 114 may extend from a bottom surface of handle wafer or
layer 110 to a bottom 122 of oxide layer 120. Device layer 130 may have one or more
electrical components 132 formed in its top surface. Electrical components 132 may be
protected by oxide layer 140.

[0074] Cap 160 may include oxide layer 150 on a bottom surface, though oxide layer 150
may be omitted in this and other embodiments of the present invention.. Cap 160 may be
attached to device layer 130 by fusion bonding oxide layer 150 to oxide layer 140. Where
oxide layer 150 is not used, cap 160 may be fusion bonded directly to oxide layer 140, or cap
160 may be bonded directly to device layer 130. Oxide layer 140 may be etched before
fusion bonding to form a top portion of a recess, which is reference cavity 142. Device layer
130 may also be etched to form a bottom portion of reference cavity 134. Reference cavity
134 may be defined by outer edges 144 and 136. As compared to forming a reference cavity
in the cap 160 (as shown in Figure 1), forming the reference cavity in the oxide layer 140 and
device layer 130 may simplify the alignment of cap 160 to the membrane. This may be at
least partly due to the fact that cap 160 is only used to cover the reference cavity and does not
itself define the reference cavity. Also, while reference cavity 134 is formed in the oxide
layer 140 and device layer 130, in other embodiments of the present invention, oxide layer
140 may be omitted and reference cavity 134 may be formed in device layer 130.

[0075] Reference cavity 136 may have a width that is narrower than a width of backside
cavity 114 in at least one direction. Specifically, a distance 192 from a center line of the
pressure sensor to edge 144 and 136 of reference cavity 134 may be shorter than a distance
194 from a center line to an edge 112 of backside cavity 114. In this way, an active portion
of a membrane defined by edges 144 and 136 may be narrower than the membrane defined
by edge 112.

[0076] Also, in conventional pressure sensors, a membrane or diaphragm may deflect an
amount that may cause damage to the pressure sensor. This may occur due to the presence of

unforeseen high pressures from fluids in the backside cavity, or by another event.
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[0077] Accordingly, embodiments of the present invention may provide a reference cavity
having height or thickness that limits a maximum deflection of the membrane. In various
embodiments of the present invention, this height or thickness may be such that a membrane
may be able to deflect enough for desired operation, but not enough to cause damage to the
pressure sensor. Specifically, edges 136 and 144 may have a height that allows the
membrane to deflect enough for proper operation of the pressure sensor, but not enough to
cause damage or rupture the membrane. Instead, the membrane deflects such that it reaches a
top of the reference cavity 142 134 cannot go any further before damage is caused. That is,
the top of the reference cavity 134 may act as a deflection stop to prevent damage to the
pressure sensor. In this and other embodiments of the present invention, one or more
surfaces, such as the top surface of reference cavity 134 may include one or more bosses or
other structures that may act as a stop or limit on the amount that an active membrane may
deflect.

[0078] Again, in various embodiments of the present invention, the structures used in
pressure sensors may have various sizes and width. For example, handle wafer or portion
may have a thickness of 250 to 600 microns, though it may be thinner than 250 or thicker
than 600 microns. Device wafer or layer 130 may be considerable thinner since it forms the
membrane. This thickness may be 15-25 microns, though it may be thinner than 15 or thicker
than 25 microns. The cap wafer or layer 160, and other cap wafer or layers, may have a
thickness that is at least approximately 150 microns, though it may be narrower or thicker
than 150 microns. The buried or bonding oxide layers 120, 140, and 150 may have a
thickness between 0.1 and 3 microns, though they may be thinner or thicker than this range.
The reference cavity 134, as with the other reference cavities in other embodiments of the
present invention, may have a thickness or height of 100 nm to 500 nm, though in other
embodiments may it may be from 50 m to 1000 nm. A specific embodiment of the present
invention may have a reference cavity having a height of 4000 A.

[0079] Again, reference cavity 134 may have a width that is narrower than a width of the
backside cavity 114 in at least one direction. In this in other embodiments, reference cavity
134 may be sized and aligned such that it fits within backside cavity 114. The result is that
the device active membrane is defined in size by reference cavity in oxide layer 140 and
device layer 130, instead of backside cavity 114, as is conventional. An example is shown in
the following figure.

[0080] Figure 17 illustrates a top view of a pressure sensor according to an embodiment of
the present invention. Again, cap 160 may be placed on a first wafer portion including

handle wafer or layer 110 and device layer 130. In this example, reference cavity 142 may
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have edges 144 that are arranged to fit within edges 112 of backside cavity 114. In this
example, reference cavity 142 may define the area of the pressure sensor’s active membrane.
In various embodiments of the present invention, the active membrane may have various
sizes. For example, it may be 240 by 240 microns in size. The membrane thickness may be
on the order of 20 microns. Such a membrane or diaphragm may support and be able to
measure pressures up to 20 bar, 120 bar, or more.

[0081] The various layers shown here may be omitted, and others may be included
consistent with embodiments of the present invention. A specific example of a method of
manufacturing an embodiment of the present invention is shown in the following figures.
[0082] The pressure sensor portion in Figure 18 may be formed in a same or similar
manner as the pressure sensor portion of Figure 3. Additionally, a recess may be etched in a
top of device layer 130 to form a lower portion of reference cavity 134. In Figure 19, an
oxide layer 140 may be formed over device layer 130. This oxide layer may be kept in place
to protect devices 132, or oxide layer 140 may be etched to form the reference cavity 134
defined by sides 144 and 136, as shown in Figure 20.

[0083] In other embodiments of the present invention, the pressure sensor portion of Figure
20 may be formed by growing oxide layer 140 over device layer 130, then etching through
oxide layer 140 into the top of the device layer 130 to form reference cavity 134 defined by
sides 144 and 136.

[0084] In other embodiments of the present invention, the membrane may include
structures such as bosses, racetracks, and other structures. Examples may be found in United
States patent number 8,381,596, which is incorporated by reference. An example is shown in
the following figure.

[0085] Figure 21 illustrates a side view of another pressure sensor according to an
embodiment of the present invention. As before, this pressure sensor may include cap 160
attached to a top of a first wafer portion that includes device wafer or layer 130 and handle
wafer or layer 110. Device wafer of layer 130 may be supported by handle wafer or layer
110. Handle wafer or layer 110 may include a backside cavity 114 defining an edge of
sidewall 112. Backside cavity 114 may extend from a bottom surface of handle wafer or
layer 110 to a bottom 122 of oxide layer 120. Device layer 130 may have one or more
electrical components 132 formed in boss 138, where boss 138 is an example structure
formed in device layer 130. Electrical components 132 may be protected by oxide layer 140,
though this is not shown here for clarity.

[0086] Cap 160 may include oxide layer 150 on a bottom surface, though oxide layer 150

may be omitted in this and other embodiments of the present invention. Cap 160 may be
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attached to device layer 130 by fusion bonding oxide layer 150 to oxide layer 140. Where
oxide layer 150 is not used, cap 160 may be fusion bonded directly to oxide layer 140. Oxide
layer 140 may be etched before fusion bonding to form a top portion of a recess, which is
reference cavity 142. Device layer 130 may also be etched to form racetracks, bosses, or
other structures that may form a portion of reference cavity 134. These structures may limit a
maximum deflection of an active membrane to prevent damage to the device due to the
presence of high pressures in backside cavity 114 or other event. Reference cavity 134 may
be defined by outer edges 144 and 136. As compared to forming a reference cavity in the cap
160 (as shown in Figure 1), forming the reference cavity in the oxide layer 140 and device
layer 130 may simplify the alignment of cap 160 to the membrane. This may be at least
partly due to the fact that cap 160 is only used to cover the reference cavity and does not
itself define the reference cavity.

[0087] Reference cavity 136 may have a width that is narrower than a width of backside
cavity 114 in at least one direction. Specifically, a distance 192 from a center line of the
pressure sensor to edge 144 and 136 of reference cavity 134 may be shorter than a distance
194 from a center line to an edge 112 of backside cavity 114. In this way, an active portion
of a membrane defined by edges 144 and 136 may be narrower than the membrane defined
by edge 112.

[0088] In the examples above and in other embodiments of the present invention, a
reference cavity may be formed in any one or more of the cap layers 8§10 or 160, oxide layers
150 and 140, and device layer 130. One or more of these layers may be omitted, for example
oxide layer 150. Also, one or more other layers not shown may be included.

[0089] The above description of embodiments of the invention has been presented for the
purposes of illustration and description. It is not intended to be exhaustive or to limit the
invention to the precise form described, and many modifications and variations are possible
in light of the teaching above. The embodiments were chosen and described in order to best
explain the principles of the invention and its practical applications to thereby enable others
skilled in the art to best utilize the invention in various embodiments and with various
modifications as are suited to the particular use contemplated. Thus, it will be appreciated
that the invention is intended to cover all modifications and equivalents within the scope of

the following claims.
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WHAT IS CLAIMED I8S:

1. A pressure sensor comprising:

a first wafer portion having a backside cavity extending from a bottom side of
the first wafer portion into the first wafer portion, the backside cavity defining an inside
surface of a frame, the inside surface including a membrane;

a bonding layer over the first wafer portion; and

a cap over the first wafer portion,

wherein a reference cavity is on an opposite side of the membrane from the
backside cavity where the reference cavity has a width that is narrower in at least a first

dimension than a width of the backside cavity in the first dimension.

2. The pressure sensor of claim 1 wherein the cap has a recess in the

bottom side to form the reference cavity.

3. The pressure sensor of claim 1 wherein the reference cavity is in the

bonding layer.

4. The pressure sensor of claim 1 wherein the membrane has a recess in

the top side to form the reference cavity

5. The pressure sensor of claim 1 wherein the reference cavity is in more

than one of the first wafer portion, the bonding layer, and the cap.

6. The pressure sensor of claim 1 wherein the reference cavity is
positioned such that vertical edges of the reference cavity are within vertical edges of the

backside cavity.

7. The pressure sensor of claim 1 wherein the reference cavity has a

height that limits a deflection of the membrane to prevent damage.

8. The pressure sensor of claim 1 wherein the cap is made of silicon.

9. The pressure sensor of claim 1 wherein the cap is made of borosilicate
glass.

10.  The pressure sensor of claim 8 wherein the bonding layer is an oxide
layer.
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11.  The pressure sensor of claim 1 further comprising a polysilicon layer

between the first wafer portion and the bonding layer.

12. A pressure sensor comprising:

a first wafer portion having a backside cavity extending from a bottom side of
the first wafer portion into the first wafer portion, the backside cavity defining an inside
surface of a frame, the inside surface including a membrane;

a bonding layer on a top surface of the first wafer portion; and

a cap over the first wafer portion,

wherein a reference cavity is below the cap and where the reference cavity has
a width that is narrower in at least a first dimension than a width of the backside cavity in the

first dimension.

13.  The pressure sensor of claim 12 wherein the reference cavity is in the

bonding layer.

14.  The pressure sensor of claim 12 wherein the reference cavity is in the

bonding layer and the first wafer portion.

15.  The pressure sensor of claim 12 wherein the reference cavity is in at

least one of the bonding layer and the first wafer portion.

16.  The pressure sensor of claim 15 wherein the reference cavity is
postioned such that vertical edges of the reference cavity are within vertical edges of the

backside cavity.

17.  The pressure sensor of claim 12 wherein the reference cavity has a

height that limits a deflection of the membrane to prevent damage.

18.  The pressure sensor of claim 12 further comprising a polysilicon layer

between the first wafer portion and the bonding layer.

19. A pressure sensor comprising:

a handle wafer;

a device wafer joined to the handle wafer by a first bonding layer, where the
handle wafer has a backside cavity extending from a bottom surface to the first bonding
layer; and

a cap joined to the device wafer by a second bonding layer,
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wherein a reference cavity is below the cap and where the reference cavity has

a an outer edge that fits within an outer edge of the backside cavity.

20.  The pressure sensor of claim 19 wherein the second bonding layer is as

an oxide layer on the top surface of the device layer.

21.  The pressure sensor of claim 19 wherein the reference cavity is in the

second bonding layer.

22.  The pressure sensor of claim 19 wherein the reference cavity is in the

second bonding layer and the first wafer portion.

23.  The pressure sensor of claim 19 wherein the reference cavity is in at

least one of the second bonding layer and the first wafer portion.

24.  The pressure sensor of claim 19 wherein the reference cavity has a

height that limits a deflection of the membrane to prevent damage.

25.  The pressure sensor of claim 19 further comprising a polysilicon layer

between the device wafer and the bonding layer.
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AMENDED CLAIMS
received by the International Bureau on 30 November 2015 (30.11.2015)

1. A pressure sensor comprising:

a first wafer portion having a backside cavity extending from a bottom side of
the first wafer portion into the first wafer portion, the backside cavity defining an inside
surface of a frame, the inside surface defining a membrane;

a bonding layer over the first wafer portion, a reference cavity formed in the
bonding layer, the reference cavity defining an active portion of the membrane; and

a cap over the first wafer portion and covering the reference cavity,

wherein the reference cavity is on an opposite side of the membrane from the
backside cavity and where the reference cavity has a width that is narrower in at least a first

dimension than a width of the backside cavity in the first dimension.

2. The pressure sensor of claim 1 wherein the cap has a planar bottom

side over the reference cavity.

3 The pressure sensor of claim 1 wherein the reference cavity is formed

by etching a portion of the bonding layer.

4, The pressure sensor of claim 1 wherein the membranc has a recess in

the top side to form a portion of the reference cavity.

3. The pressure sensor of claim 1 wherein the reference cavity is in more

than one of the first wafer portion, the bonding layer, and the cap,

6. The pressure sensor of claim 1 wherein the reference cavity is
positioned such that vertical edges of the reference cavity are within vertical edges of the

backside cavity.

7. The pressure sensor of claim 1 wherein the reference cavity has a

height that limits a deflection of the membrane to prevent damage.,

8. The pressure sensor of claim 1 wherein the cap is made of silicon.

9. The pressure sensor of claim 1 wherein the cap is made of borosilicate
glass, '

[0,  The pressure sensor of claim 8 wherein the bonding layer is an oxide
layer.
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1I. The pressurc sensor of claim | further comprising a polysilicon layer
between the first wafer portion and the bonding layer,

12. A pressure sensor comprising:

a handle wafer portion having a backside cavity extending from a bottom side
of the handic wafer partion to a top side of the handle wafer portion, the backside cavity
defining an inside surface of a frame;

a device wafer portion over the handle wafer portion, the device wafer having
a membrane defined by the inside surface of the backside cavity; |

2 bonding Ie{yer on a top surface of the device wafer portion, a reference cavity
fomcd in the bonding layer, the reference cavity defining an active portion of the membrane;
and

a cap over the bonding layer and covcering the reference cavity wherein the
reference cavity is below the cap and where the reference cavity has a width that is narrower

in at Icast & first dimension than a width of the backside cavity in the first dimension.

13.  The pressure sensor of claim 12 wherein the reference cavity is in the

bonding layer.

14.  The pressure sensor of claim 12 wherein the reference cavity is in the

bonding layer and the deviqe wafer porlion.

15.  The pressure sensor of claim 12 wherein the reference cavity is in at

lcast one of the bonding layer and the device wafer portion.

16.  The pressure sensor of claim 15 wherein the reference cavity is
positioned such that vertical edges of the reference cavity arc within vertical edges of the

backside cavity.

17. The pressure sensor of ¢laim 12 wherein the reference cavity has a

height that limits a deflection of the membranc to prevent damage.

18.  The pressure sensot of claim 12 further comprising a polysilicon layer

between the device wafer portion and the bonding laycr.

19. A pressure sensor comptising:
a handle wafer;
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a device wafer joined to the handle wafer by a first bonding layer, where the
handle wafer has a backside cavity extending from a bottom surface of the handle wafer to
the top surface of the handle wafer, the backside cavity defining a membrane in the device
walfer; and

a cap joined to a top side of the device wafer by a second bonding layer,

wherein a reference cavity is below the cap, where the reference cavity defines

an active portion of the membrane, and where the reference cavity has a an outer edge that

Ll I - s B = R ]

fits within an outer edge of the backside cavity.

1 20.  The pressure sensor of claim 19 wherein the second bonding layer is an

2 oxide layer on the top surface of the device layer.

1 21.  The pressure sensor of claim 19 wherein the reference cavity is in the

2 second bonding layer.

1 22, The pressure sensor of claim 19 wherein the reference cavity is in the

2 second bonding layer and the device wafer portion.

1 23, The pressure sensor of claim 19 wherein the reference cavity is in at

2 least one of the sccond bonding layer and the device wafer portion.

1 24.  The pressure sensor of claim 19 wherein the reference cavity has a

2 height that limits a deflection of the membrane to prevent damage.

1 25.  The pressure sensor of claim 19 further comprising a polysilicon layer

2 between the device wafer and the bonding layer,

] 26.  The pressure sensor of claim 1 wherein the wafer portion comprises a

2 handle wafer portion joined to a device wafer portion.

1 27.  The pressure sensor of claim 26 wherein the reference cavity has an

2 outer edge that fits within an outer edge of the backside cavity.

1 28.  The pressure sensor of claim 12 wherein the reference cavity has an

2 outer edge that fits within an outer edge of the backside cavity.
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