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(57) ABSTRACT

A substrate-level assembly having a device substrate of
semiconductor material with a top face and housing a first
integrated device, including a buried cavity formed within
the device substrate, and with a membrane suspended over
the buried cavity 1n the proximity of the top face. A capping
substrate 1s coupled to the device substrate above the top
face so as to cover the first integrated device 1n such a
manner that a first empty space 1s provided above the
membrane. Electrical-contact elements electrically connect
the integrated device with the outside of the substrate-level
assembly. In one embodiment, the device substrate inte-
grates at least a further integrated device provided with a
respective membrane, and a further empty space, fluidly
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isolated from the first empty space, 1s provided over the

respective membrane of the further integrated device.

65 Claims, 6 Drawing Sheets
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SUBSTRATE-LEVEL ASSEMBLY FOR AN
INTEGRATED DEVICE, MANUFACTURING
PROCESS THEREOF AND RELATED
INTEGRATED DEVICEL

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions

made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

BACKGROUND

1. Technical Field

The present disclosure relates to a substrate-level assem-
bly (usually known as “water-level package™) for an inte-
grated device and, 1n particular, a sensor device, as well as
to a corresponding manufacturing process and the related
integrated device.

2. Description of the Related Art

Semiconductor sensors are known (for example, pressure
sensors, mertial sensors, microphones, or gas sensors) which
are made with microfabrication techniques and whose
operation 1s based upon the presence of a membrane that 1s
suspended over a cavity.

For example, EP 1 377 6536, filed in the name of the
present applicant, describes a pressure sensor and a manu-
facturing process thereof. In detail (FIG. 1), the pressure
sensor, designated by 1, 1s integrated 1n a substrate 2 made
of semiconductor maternial, in particular monocrystalline
s1licon, having a top surface 2a. A buried cavity 3 1s formed
within the substrate 2, and 1s separated from the top surface
2a by a flexible and deformable membrane 4 suspended over
the buried cavity 3 (in particular, the expression “buried
cavity” denotes herein a cavity that 1s formed within a single
body of semiconductor material at a distance from a top
surface thereof). The buried cavity 3 1s 1n this case also
1solated and entirely contained within the substrate 2. Trans-
ducer elements 5, namely, piezoresistors formed by diffusion
or implantation of dopant atoms, are arranged within the
membrane 4, detect deformations of the membrane 4 (due to
an applied pressure), and generate corresponding electrical
signals as a function of the pressure to be detected. In brief,
the manufacturing process of the pressure sensor 1 envis-
ages: forming, within the substrate 2, a plurality of deep
trenches, separated from one another by separation walls
made of semiconductor material; then carrying out an epi-
taxial growth 1n a de-oxidizing environment so as to form an
epitaxial layer, which closes the deep trenches at the top;
and, finally, carrying out a thermal annealing step so as to
torm the buried cavity 3. A thin silicon layer remains above
the buried cavity 3, and 1s constituted partly by epitaxially
grown silicon atoms and partly by migrated silicon atoms;
this silicon layer forms the membrane 4.

European patent application EP 05425028.7, filed 1n the
name of the present applicant on Jan. 25, 20035, describes a
piezoresistive accelerometer and a corresponding manufac-
turing process. In detail (FIG. 2), the piezoresistive accel-
crometer, designated by 10, has a structure substantially
similar to that of the pressure sensor 1 described above, so
that parts that are similar are designated by the same
reference numbers, and moreover has an inertial mass 11,
formed on the membrane 4, 1n particular approximately at
the geometrical center of the membrane 4. The 1nertial mass
11 1s constituted by welding paste, for example of silver, tin,
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copper, lead, gold, or other high-density metals, preferably
having a density higher than 7000 kg/m”>. For example, the
inertial mass 11 comprises a cylindrical base portion and a
hemispherical top portion, and has a radius of between 100
um and 200 um and a thickness of between 50 um and 350
um (given a side of the membrane 4 of approximately 500
um, the ratio between the radius of the nertial mass 11 and
the side of the membrane 4 1s between 20% and 40%).

The 1nertial mass 11 1s deposited through a metal mesh,
made, for example, of nickel or steel, having suitable
openings 1n positions corresponding to the areas where the
welding paste 1s to be deposited. Furthermore, the deposition
1s accompanied by a temperature increase step, during which
the inertial mass 11 adheres to the top surface of the
membrane 4, assuming, after cooling, the described shape.

The center of gravity of the inertial mass 11 1s placed
outside of the membrane 4, so that, 1n use, an acceleration
acting on the accelerometer 10 determines a momentum on
the 1nertial mass 11, which causes inclination thereof 1n a
corresponding direction. The displacement of the inertial
mass 11 causes a deformation of the membrane 4 and a
variation 1n the resistivity of the piezoresistive elements 3,
whence an appropriate detection circuit determines the
amount of the acceleration acting on the accelerometer 10.

The aforesaid patent application No. EP 05425028.7
turther discloses (FIG. 3) integration of the pressure sensor
1 and of the accelerometer 10 described above in separate
and distinct surface portions of a same substrate 2 of
semiconductor material, in particular to obtain a pressure
monitoring system 15, for example, a so-called tire-pressure
monitoring system (IPMS) for momtoring the inflating
pressure ol a tire for a vehicle. In use, the pressure moni-
toring system 15 1s installed on the 1nside surface of a tire,
and the pressure sensor 1 measures the state of inflation
thereof, whilst the accelerometer 10 performs a wake-up
function, by supplying a start-of-measurement signal to the
pressure sensor 1 and a data-collection signal to an elec-
tronic circuit coupled thereto. In particular, the accelerom-
cter 10 detects a centrifugal acceleration of the tire during
rotation. An acceleration of intensity greater than a pre-set
threshold 1s representative of a condition of movement of the
vehicle, and consequently causes the start of pressure moni-
toring, so limiting monitoring to time intervals during which
the vehicle 1s moving.

Moreover, MEMS microphone sensors are known, an
example of which 1s shown i FIG. 4. The microphone
sensor, designated by 16, 1s again integrated 1n a substrate 2
made of semiconductor material, having a top surface 2a,
and comprises a buried cavity 3 formed within the substrate
2 and separated from the top surface 2a by a membrane 4
suspended over the buried cavity 3. The membrane 4 1s fixed
and has a plurality of holes (not shown) allowing the passage
of air from the external environment to the buried cavity 3.
A sensor diaphragm 17, which 1s flexible and free to move
as a result of the air pressure, separates the buried cavity 3
from a back-chamber 18 formed at the back of the substrate
2. The membrane 4 and the sensor diaphragm 17 form two
facing plates of a sensing capacitor, whose capacitance
varies as a function of their relative distance. In use, the
sensor membrane 17 undergoes deformation as a result of
sound waves reaching the buried cavity 3, thus causing a
corresponding variation of the capacitance value of the
sensing capacitor.

The dimensions of the sensors described are particularly
small, namely, 1n the region of 0.8 mmx0.8 mmx0.3 mm
(lengthxwidthxthickness), or in the region of 2 mmx2
mmx0.3 mm, so that traditional packaging techmques do not
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prove advantageous, and in particular packages of a tradi-
tional type, of a molded or pre-molded type, prove to be of

excessive encumbrance and 1n any case not optimized for
applications, such as automotive or consumer applications,
which require size minimization. For example, existing
packages for MEMS microphones envisage the use of a
rather bulky metallic casing (or made by a combination of
FR4 and a metallic material) which protects and electro-
statically shields the sensor die. Moreover, packages of the
traditional type are not optimized in terms of manufacturing
COsSts.

On the other hand, the tendency to use alternative pack-
aging techniques for integrated devices 1s known, said
techniques enabling a reduction in the overall dimensions of
the resulting electronic devices, and a simultaneous reduc-
tion 1n the manufacturing costs. In particular, the so-called
“water-level packaging” technique 1s known, which envis-
ages formation of a protection layer directly on top of a layer
of semiconductor material housing integrated devices, to
mechanically protect the integrated devices.

BRIEF SUMMARY

The present disclosure provides a substrate-level assem-
bly for integrated devices that will enable minimization of
the costs of the manufacturing process and of the final
dimensions of the corresponding electronic devices.

According to the present disclosure, a substrate-level
assembly and a manufacturing process are consequently
provided.

In accordance with one embodiment of the present dis-
closure, a substrate-level assembly 1s provided that includes
a device substrate of semiconductor material having a top
face and housing a first integrated device provided with an
active area 1n the proximity of said top face; a capping
substrate coupled to the device substrate above said top face
so as to cover the first integrated device 1n such a manner
that a first empty space 1s provided 1n a position correspond-
ing to the active area; and electrical-contact elements for
clectrical connection of the first integrated device outside of
the substrate-level assembly.

In accordance with another embodiment of the present
disclosure, an electronic device 1s provided that includes the
substrate-level assembly described above, and a package
encasing and mechanically protecting the substrate-level
assembly, the package having a base body mechanically
supporting the substrate-level assembly and a coating region
configured to coat laterally the substrate-level assembly.

In accordance with another embodiment of the present
disclosure, a process for manufacturing a substrate-level
assembly 1s provided, the processing including providing a
device substrate of semiconductor material, having a top
face; forming a first integrated device within the device
substrate and with an active area in the proximity of the top
face; coupling a capping substrate to the device substrate
above the top face so as to cover the first integrated device,
the coupling comprising forming a first empty space in a
position corresponding to the active area; and forming
clectrical-contact elements for electrical connection of the
first integrated device with the outside of the substrate-level
assembly.

In accordance with another embodiment of the present
disclosure, an assembly 1s provided, the assembly including
an article, and a sensor assembly adapted to monitor at least
one condition of the article, the sensor assembly including a
device substrate of semiconductor material, having a top
tace and housing a first integrated device provided with an
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active area 1n the proximity of the top face; a capping
substrate coupled to the device substrate above the top face
so as to cover the first mtegrated device 1n such a manner
that a first empty space 1s provided 1n a position correspond-
ing to the active area; and electrical-contact elements for
clectrical connection of the first integrated device outside of
the substrate-level assembly.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

For a better understanding of the present disclosure,
preferred embodiments thereof are now described, purely by
way of non-limiting example and with reference to the
attached drawings, wherein:

FIG. 1 1s a cross-sectional view of a pressure sensor of a
known type;

FIG. 2 1s a cross-sectional view of an 1nertial sensor of a
known type;

FIG. 3 1s a cross-sectional view of a pressure monitoring
system ol a known type;

FIG. 4 1s a cross-sectional view of a microphone sensor of
a known type;

FIG. § 1s a cross-sectional view of a substrate-level
assembly for a pressure sensor, according to an aspect of the
present disclosure;

FIG. 6 1s a cross-sectional view of a
assembly for a differential pressure sensor;

FIG. 7 1s a cross-sectional view of a
assembly for a relative pressure sensor;

FIG. 8 1s a cross-sectional view of a
assembly for a pressure monitoring device;

FIG. 9 1s a cross-sectional view of a substrate-level
assembly for an itegrated device comprising a plurality of
semiconductor sensors;

FIG. 10 1s a cross-sectional view of an electronic device
comprising a package and a substrate-level assembly,
according to an aspect of the present disclosure;

FIG. 11 1s a perspective view of the electronic device of
FIG. 10;

FIG. 12 1s a cross-sectional view of a further electronic
device comprising a package and a substrate-level assembly;

FIG. 13 shows a vanant of the electronic device of FIG.
12;

FIGS. 14-16 show further variants of the electronic device
of FIG. 13; and

FIG. 17 shows a possible variant of the substrate-level
assembly of FIG. §.

substrate-level

substrate-level

substrate-level

DETAILED DESCRIPTION

FIG. 5 shows a substrate 20 of semiconductor material,
for example, monocrystalline silicon, having a top surface
20a and a bottom surface 20b, opposite to the top surface 20a
(in what follows, the substrate 20 will be referred to as
“device substrate,” 1n so far as 1t 1s designed to integrate one
or more 1ntegrated devices, 1n particular, sensor devices).

An integrated device, namely a pressure sensor 1, 1s
formed inside the device substrate 20, as described with
reference to FIG. 1 (so that parts that are similar are
designated by the same reference numbers). In particular, the
membrane 4, suspended over the buried cavity 3, 1s formed
at the top surface 20a of the device substrate 20.

According to an aspect of the present disclosure, a cap-
ping substrate 21, made of semiconductor material (for
example, silicon), glass, or other ceramic or polymeric
material, 1s (mechanically or electrically or a combination of
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mechanically and electrically) coupled to the device sub-
strate 20, on top of the top surface 20a, so as to coat and
protect the pressure sensor 1 and so as to provide a substrate-
level assembly 22 for the pressure sensor 1. In particular, by
the expression “substrate-level assembly” 1s meant herein
the composite structure comprising the device substrate 20,
the capping substrate 21, and the corresponding electrical
input/output connections (made as described hereiafter).

According to an aspect of the present disclosure, the
capping substrate 21 1s joined to the device substrate 20 via
a bonding process, which exploits a bonding region 23
(advantageously a sealing region), set in contact with, and
on top of, the top surface 20a, to ensure joining. For
example, the bonding region 23 1s made of glass irit or a
metal or polymeric material. The bonding region 23 has a
ring conformation, and surrounds, without being superim-
posed thereon, the membrane 4 of the pressure sensor 1.
Furthermore, the bonding region 23 has a main dimension of
extension of between 100 um and 300 um, 1n the case of
glass-irit bonding, and smaller than 100 um, in the case of
metal bonding, with a maximum thickness of approximately
10 um 1n both cases.

According to an aspect of the present disclosure, a sensor
cavity 24 1s formed within the capping substrate 21, in a
position corresponding to, and 1n communication with, the
membrane 4. The sensor cavity 24 1s made, for example, via
an anisotropic (or 1sotropic) chemical etch, starting from a
first surface 21a of the capping substrate 21 1n contact with
the device substrate 20, and has a depth of between 10 um
and 400 um. Consequently, after joining between the device
substrate 20 and the capping substrate 21, an empty space 25
remains over the membrane 4 so as to ensure freedom of
movement thereol and so as not to alter deformation thereof
as a Tunction of a pressure applied. In particular, the empty
space 25 1s defined partly by the thickness of the bonding
region 23 and partly by the sensor cavity 24 dug in the
capping substrate 21, and 1s delimited partly by the bonding
region 23 and partly by the walls of the sensor cavity 24.

Furthermore, a first access duct 26 1s formed within the
capping substrate 21, starting from a second surface 21b of
the capping substrate 21, not 1n contact with the device
substrate 20, and reaching the sensor cavity 24, i such a
manner as to be tluidically connected to the empty space 25
and to the outside of the capping substrate 21. For example,
the first access duct 26 can be formed via an anisotropic
chemical etch or a deep silicon etch or a combination
thereol.

Electrical input/output connections are finally provided
for electrical connection of the pressure sensor 1 with the
outside of the substrate-level assembly 22, 1n the form of
through vias 28a, which traverse the device substrate 20
until the bottom surface 20b 1s reached, or else 1n the form
of connection pads 28b carried by a portion of the top
surface 20a placed externally of the bonding region 23 and
the capping substrate 21 so as to be accessible from the
outside and enable contact using the “wire-bonding™ tech-
nique (as 1illustrated schematically in FIG. § and in the
subsequent figures). In particular, the input/output electrical
connections 28a, 28b are connected, for example, via met-
allizations (not shown), to transduction elements 3 of the
membrane 4. The through vias 28a can be formed with any
known technique, for example, by means ol conductive
through holes, obtained by etching of the device substrate
20, so as to form through trenches extending throughout the
thickness of the substrate, and by subsequent filling of said
through trenches with a conductive material, for example,
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6

with a metal material. The use of the through vias 28a 1s
advantageous for reducing the dimensions of the resulting
assembly.

In use, a flmd at a given pressure, the value of which must
be determined, penetrates within the capping substrate 21
through the first access duct 26, reaches the empty space 25,
and acts on the membrane 4, ¢.g., causing 1ts deformation,
which 1s detected by the transduction elements 3.

FIG. 6 shows a substrate-level assembly 22 for a differ-
ential pressure sensor. In this case, a second access duct 30
1s Tformed through the device substrate 20, starting from the
bottom surface 20b as far as the buried cavity 3 and so as to
be 1n fluid connection with the buried cavity 3. For example,
the second access duct 30 1s made via a digging from the
back or bottom of the device substrate 20 by means of an
anisotropic chemical etch.

In use, the outer surface of the membrane 4 (opposite, 1.€.,
to the buried cavity 3) i1s set in commumication with a fluid
at a first pressure through the first access duct 26 made
through the capping substrate 21. The internal surface of the
membrane 3, instead, 1s set in communication with a fluid at
a second pressure through the second access duct 30. In this
way, the membrane 3 deforms as a function of the difference
between the first and second pressures so as to enable a
differential measurement of pressure.

FIG. 7 shows a substrate-level assembly 22 for a relative
pressure sensor. In detail, within the device substrate 20, in
addition to the pressure sensor 1, a reference pressure sensor
1' 1s formed, 1n a surface portion of the device substrate 20,
separate and distinct from the one dedicated to integration of
the pressure sensor 1. A further sensor cavity 24' 1s formed
in the capping substrate 21, 1 a position corresponding to
the reference pressure sensor 1', so as to ensure the presence
of a further empty space 235" above the respective membrane
4' of the reference pressure sensor 1'. The further empty
space 1s closed and not accessible from the outside, since no
access duct 1s provided 1n fluidic commumnication therewith.
The bonding region 23 surrounds 1n this case the membrane
of both of the pressure sensors, without being superimposed
thereon, and 1s, for example, shaped like the figure eight. A
separation portion 32 of the capping substrate 21 1s placed
between the sensor cavity 24, 24", and between the respec-
tive empty spaces 25, 25'. In particular, the separation
portion 32, together with the underlying bonding region 23,
separates 1n a fluid-tight manner the two empty spaces 25,
25", which are thus fluidically 1solated.

In use, within the further sensor cavity 24' a flmd having
a given reference pressure 1s entrapped, whilst the sensor
cavity 24 1s set 1n fluid communication with a fluid at a given
pressure through the first access duct 26 so as to implement
a relative pressure measurement.

FIG. 8 shows a currently preferred embodiment of the
present disclosure and, in particular, a substrate-level assem-
bly 22 for a pressure monitoring device 15 of the type
described with reference to FIG. 3, in particular configured
to monitor the inflating pressure of a tire of a vehicle. In
detail, 1n distinct surface portions of the device substrate 20,
a pressure sensor 1 and an accelerometer 10 are integrated.
Also 1n this case, 1n a way similar to what has been described
above, the further sensor cavity 24' corresponding to the
accelerometer 10 1s provided, so as to ensure the further
empty space 25" within which the mertial mass 11 is free to
move to cause a corresponding deformation of the respective
membrane 4'. In addition, further mput/output electrical
connections 28a' are provided for ensuring electrical con-
nection of the accelerometer 10 with the outside of the
substrate-level assembly 22, also 1n this case 1n the form, for
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example, of through vias. Advantageously, in a way not
illustrated, an appropriate electronic circuit (or ASIC—
Application Specific Integrated Circuit) connected to the
accelerometer 10 and to the pressure sensor 1 can also be
integrated within the device substrate 20.

In use, the accelerometer 10 detects an acceleration
imparted on the monitoring device as a function of the
deformation of the respective membrane 4', due to the
displacement of the 1nertial mass 11. As described above, the
separation portion 32 of the capping substrate 21, and the
bonding region 23, set between the free spaces 25, 25" do not
enable the fluid under pressure to reach the further sensor
cavity 24'.

In general, the device substrate 20 can integrate an
arbitrary number of sensor devices, and 1n this case there 1s
provided a corresponding number of additional free spaces
25", flmdically 1solated from one another, and possibly of
additional sensor cavities 24', separated by additional sepa-
ration portions 32' of the capping substrate 21, and of
additional access ducts communicating with respective sen-
sor cavities. By way of example, in FIG. 9 four sensors 1, 1'
integrated 1n a same device substrate 20 are shown. It 1s clear
that each one of the sensors shown can be a pressure sensor,
possibly a differential pressure sensor or a relative pressure
sensor, or an accelerometer (or another type of sensor
device) and a corresponding number of first and second
access ducts can be provided.

According to a further aspect of the present disclosure
(FIGS. 10 and 11), the substrate-level assembly 22 can
turther be encased 1n a package 40, of a land-grid-array
(LGA) type, SO, QFN or ball-grid-array (BGA) type. In
detail (FIG. 10), the substrate-level assembly 22 (1n particu-
lar, FIG. 10 shows the case where the device substrate 20
integrates a pressure sensor 1 and an accelerometer 10) 1s
joined, via an adhesion layer 41, to a base body 42, in
particular, a multilayer organic substrate (for example a
BT—Bismaleimide Triazine—Ilayer), defining the base of
the package 40. The adhesion layer 41 includes an epoxy or
acrylic glue, or bismaleimide (BMI), or else an epoxy, or
acrylic, or bismaleimide laminated layer. The base body 42
has a size greater than that of the substrate-level assembly
22, and hence has outer portions not covered by the assem-
bly. Then, via a mould of appropriate shape and size, the
substrate-level assembly 22 i1s covered at the sides by a
coating 44, made of plastic material, for example including
resin. In particular, the coating 44 covers at the top the outer
portions of the base body 42, but does not cover the second
surface 21b of the capping substrate 21 (1.e., the surface not
in contact with the device substrate 20), which hence con-
stitutes part of a first outer face 40a of the package 40. In this
way, the first access duct 26 remains iree and exposed on the
outside of the package 40 (as 1s evident from FIG. 11). In
addition, further through vias 45, formed through the base
body 42, are connected to the connection pads 28b of the
substrate-level assembly 22 (for example, via conductive
paths, not shown, arranged at the outer portions of the base
body 42), and to outer contact pads 46, made of metal
matenal, carried by an outer surface of the base body 42,
defining a second outer face 40b of the package 40. In the
case of an LGA package, the contact pads 46 constitute the
input/output interface towards the outside of the package 40.
In the case of a BGA package, conductive bumps, for
example metal balls (not shown), are instead provided for
said purpose and are 1n direct contact with the outer contact
pads 46. Advantageously, the outer face 40a of the package
40 may be covered with a temporary protection layer, 1n
order to protect the integrated devices during storage or
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assembling procedures. Also, 1t 1s clear that the second
access duct 30, if present (e.g., in the case of a diflerential
pressure sensor), extends also through the adhesion layer 41

and the base body 42, 1n order to reach the second outer face
40b of the package 40.

FIG. 12 shows another example of the package 40,
encasing a substrate-level assembly 22 including a device
substrate 20, integrating in this case a microphone sensor 16
(see FIG. 4, but 1t 1s clear that the same teachings applies
mutatis mutandis to all sensor devices described therein,
¢.g., to a pressure sensor), and the capping substrate 21,
having the first access duct 26 allowing passage of sound

waves towards the sensor diaphragm 17 of the microphone
sensor 16. The package 40 further encases an ASIC die 50
integrating a processing circuit electrically coupled to the
microphone sensor 16. The ASIC die 50 1s joined to the base
body 42 via a respective adhesion layer 51, laterally with
respect to the substrate-level assembly 22, and 1s surrounded
and completely covered by the coating 44. First electrical
connections 52 (e.g., electrical wires) connect (e.g., via the
wire-bonding technique) the ASIC die 50 to the connection
pads 28b of the device substrate 20, while second connec-
tions 53 connect the ASIC die 50 to the further through vias
45 made through the base body 42, and to the outer contact
pads 46.

A possible vaniant of the package 40 envisages, FIG. 13
(which again refers to the microphone sensor without this
however implying any loss of generality), stacking of the
substrate-level assembly 22 and the ASIC die 50 within the
coating 44. In detail, the ASIC die 50 1s joined to the base
body 42 with a first surface 50a therecof, and the device
substrate 20 1s joined to a second surface 50b (opposite to
the first surface 50a) of the ASIC die 50 via the adhesion
layer 41, thus being stacked to the ASIC die within the
package 40. Also 1n this case, the first access duct 26 remains
free and exposed on the outside of the package 40, and the
second surface 21b of the capping substrate 21 constitutes
part of a first outer face 40a of the package 40. Again, the
first and second connections 52, 53 are provided, for
example originating from respective connection pads on a
portion of the second surface 50b of the ASIC die 50 not
covered by the adhesion layer 41.

As shown in FIG. 14, 1n case of the above described
stacked arrangement, the second access duct 30, 11 present,
can extend through the base body 42, the adhesion layers 41
and 51, and the ASIC die 50 for an entire thickness thereof.
In the case of the microphone sensor 16, the second access
duct 30 reaches the back-chamber 18, thus increasing its
s1ze, and the diaphragm 17 from the back.

The described substrate-level assembly has the following
advantages.

In particular, the manufacturing process of the assembly
1s optimized 1n terms of costs and duration, in so far as 1t 1s
performed directly starting from the device substrate, with
process steps that are a continuation of those used for the
formation of the integrated sensors. The resulting assemblies
have extremely contained dimensions, which are generally
in the region of 1.7 mmx1.7 mmx0.8 mm but can reach 1.3
mmx 1.3 mmx0.8 mm 1n the case of just one pressure sensor,
and which are generally in the region of 1.7 mmx2.5
mmx0.8 mm, but can reach 1.3 mmx2.5 mmx0.8 mm 1in the
case of the pressure monitoring device (which integrates
both the pressure sensor and the accelerometer). In particu-
lar, in the latter case, a single substrate-level assembly 1s
advantageously provided for the pressure sensor and for the
accelerometer, and said assembly enables an effective fluid
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1solation between the empty spaces provided above the
membrane of the two sensors.

The substrate-level assembly can constitute a complete
device made ol semiconductor material, 1n so far as the
integrated sensors housed within the device substrate are
automatically protected from the back by the device sub-
strate 20 and on the top by the capping substrate 21.
However, the use of the package 40 can be advantageous 1n
all the cases where 1t 1s not convenient to have a complete
integrated device made of semiconductor material (for
example, 1n the case where particular environmental condi-
tions require a further protection from the outside environ-
ment). In any case, also the package 40 has small dimen-
sions, 1n the region of 3 mmx3 mmx1 mm.

Furthermore, the package 40, as well as the substrate-
level assembly 22, can be handled and positioned easily, and
in particular can be advantageously used as surface-mount
devices (SMDs).

The described manufacturing process does not envisage
the use of protection gels, as 1s, instead, required in the case
where molded packages of a traditional type are used.

Finally, 1t 1s clear that modifications and variations can be
made to what 1s described and illustrated herein, without
thereby departing from the scope of the present disclosure,
as defined 1n the attached claims.

In particular, the capping substrate 21 can advantageously
be doped 1n order to increase 1ts conductivity and provide an
clectrostatic shielding for the sensor(s) integrated within the
device substrate 20. To improve this shielding effect (which
1s 1mportant, for example, in the case where the electronic
device integrating the substrate-level assembly 1s a mobile
phone), also the bonding region 23 could be made conduc-
tive so as to shield the electromagnetic radiations.

The capping substrate 21 can also be realized by means of
an epitaxial or galvanic (electroplating) growth on the
device substrate 20 instead of being bonded thereto, 1n order
to be integral with the device substrate 20. In this case, the
empty space 25 can be provided with standard techniques,
e.g., by etching of a sacrificial layer interposed between the
device substrate and the grown layer.

Alternatively, as shown i FIG. 15, 1n the case of the
microphone sensor 16 (or any other type of sensor envis-
aging the presence of a back chamber), the back-chamber
could be made by the empty space 25, with no access duct
being provided 1n the capping substrate 21; 1n this case, the
second access duct 30, extending through the base body 42,
the adhesion layer 41 and the ASIC die 50 and 1n commu-
nication with the back-chamber 18 (now having the function
of the empty space 25, due to the reversal arrangement),
allows the communication with the outside of the package.
Also (in a way not shown), since no access duct 1s provided
in the capping layer 21, the same capping layer could even
be coated on 1ts second surface 21b by the coating 44; 1n this
case, the same ASIC die could have a capping function for
the integrated sensors. An analogous structure could be used
for a relative pressure sensor, the first empty space 235
containing a first fluid at a reference pressure, and the second
access duct 30 allowing a second fluid to enter the buried
cavity 3.

Furthermore, as shown in FIG. 16 that depicts, as an
example, a variant of the package of FIG. 13, a plurality of
openings can be provided in the capping substrate 21 to
provide a plurality of access ducts 26 to the underlying
empty space 25; in particular, different size, inter-spacing
and position can be envisaged for the various access ducts
26. For example, the presence of a plurality of access ducts
can reduce the risk of damages to the sensor membranes due
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to the external environment. It 1s clear that such a variant
also applies to the other embodiments previously described,
¢.g., to the pressure or accelerometer sensor, or to the
combination thereof; also, it 1s clear that in the case where
the substrate-level assembly comprises a plurality of semi-
conductor sensors (as shown e.g., in FIG. 9), the capping
substrate 21 can be provided with one or more access duct
26 (even of different size, inter-spacing and position) coms-
municating with one or more of the empty spaces 25, 2%
associated with the various sensors.

It should be clear that the substrate-level assembly 22
could be encased 1n the package 40 even with more than one
die, integrating other circuits or passive components, 1n a
stacked or side-by-side arrangement, as described previ-
ously.

Also, 1n the substrate-level assembly the device substrate
could house other types of micromechanical devices, e.g.,
not provided with a membrane, having an active area at a top
surtace thereof that must remain free and/or accessible from
the outside of the assembly (or package). In the sensors
described, the active area comprises the membrane sus-
pended over the buried cavity.

Joining between the device substrate 20 and the capping
substrate 21 can be made via direct or anodic bonding, so
without the need to envisage the bonding region 23 on the
top surface 20a of the device substrate 20. In this case, the
empty space 235 above the membrane 4 1s determined just by
the sensor cavity 24, which accordingly must be appropri-
ately sized.

Instead, as shown in FIG. 17, in the case where the
bonding region has a suflicient thickness, the sensor cavity
24 could not be provided within the capping substrate 21
(which remains flat and not patterned). In this case, the
empty space 25 1s defined and surrounded just by the
bonding region 23. The cavity 1s thus realized using the
bonding matenal, such as glass-irit, polymer and so on, as
spacer between the device substrate 20 and (in this case) a
flat, not patterned capping substrate 21; the thickness of this
spacer can be in the range of 6-80 (or even 100) um.

Furthermore, above the membrane of the integrated sen-
sors, a single through cavity could be provided (not 1llus-
trated), which traverses the entire thickness of the capping
substrate 21 and 1s consequently accessible from outside the
substrate-level assembly 22.

The capping substrate 21 could be patterned also on the
outer and exposed side (second surface 21b), e.g., for
realizing a first access duct with a diflerent shape (having a
larger section towards the outside).

Even though FIG. 10 illustrates the case where the sub-
strate-level assembly 22 1s connected to the outside via wire
bonding and the connection pads 28b, 1t 1s evident that a
similar structure can be provided using the through vias 28a.
In particular, 1n this case, the through vias 28a traverse the
adhesion layer 41 and are connected, for example wvia
conductive paths, to the additional through vias 45.

In addition, further types of sensors can be integrated
within the device substrate 20. For example, a gas sensor can
be integrated therein, which also bases 1ts operation upon the
presence of a membrane suspended over a cavity. Also for
said sensor a respective first access duct 26 must be provided
to enable entry of a fluid within the substrate-level assembly
22. In detail, the suspended membrane 4 1s covered by a
layer of sensing material, depending on the chemical(s) it 1s
desired to detect. The membrane 1s important to guarantee a
thermal decoupling with the substrate device 20 during the
assembling steps. The silicon cap acts as a protection for the
gas sensor, and can be covered with a sticky foil or any other
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laminated film during a storage period, in order to prevent
dust and moisture from damaging the sensor. It 1s advanta-
geous that the electrical iput/output connections (e.g., the
connection pads 28b) are arranged outside the capping
substrate 21 and covered by the coating 44, so that any kind
of damages 1s avoided due to the presence of the fluid to be
detected within the first empty space 235 (especially 1n case
of a humidity sensor).

The deformation of the membrane 4 of the integrated
sensors could be detected with capacitive, instead of
piezoresistive, techniques 1 a known way which 1s not
described 1n detail.

The 1nertial mass 11 could have a shape different from the
one described and 1llustrated; 1n any case, it 1s configured so
as to be aflected by the accelerations imparted on the
integrated device, and to undergo a consequent displace-
ment.

Finally, 1t 1s clear that the pressure monitoring device
described can be used for other applications. For example, 1n
the automotive field, 1t can be used for momitoring the
pressure of the air-bag, for checking the pressure of failure
of an ABS system, or for monitoring the pressure of the oil
or the pressure of mjection of the fuel.

Other possible applications are 1n the medical field, where
the pressure sensor can be used for monitoring blood pres-
sure, or 1n 1nk-jet applications. In the latter case, an ink
chamber can be provided within the capping substrate 21;
the first access duct 26 acts as a nozzle, offering a way out
for the 1nk contained within the empty space 25 when heated
by an appositely provided circuitry, which can be mmple-
mented i the suspended membrane. In particular, 1 this
application, the presence of a flared access duct to the empty
space 25 could be advantageous to facilitate ink expulsion.
Accordingly, the manufacturing process of the capping
substrate 21 could envisage a first etching, of a wet type, to
provide the sensor cavity 24 having sloping lateral walls and
a tapered section towards the outside, and a second etching,
of a dry type, to provide the first access duct 26, having
rectilinear walls and a smaller section.

The various embodiments described above can be com-
bined to provide further embodiments. All of the U.S.
patents, U.S. patent application publications, U.S. patent
applications, foreign patents, foreign patent applications and
non-patent publications reterred to 1n this specification and/
or listed 1 the Application Data Sheet are incorporated
herein by reference, 1n their entirety. Aspects of the embodi-
ments can be modified, 1f necessary to employ concepts of
the various patents, applications and publications to provide
yet further embodiments.

These and other changes can be made to the embodiments
in light of the above-detailed description. In general, 1n the
following claims, the terms used should not be construed to
limit the claims to the specific embodiments disclosed 1n the
specification and the claims, but should be construed to
include all possible embodiments along with the full scope
of equivalents to which such claims are entitled. Accord-
ingly, the claims are not limited by the disclosure.

The invention claimed 1s:

1. [A substrate-level] Ar assembly, comprising:

a device substrate of semiconductor materiall,] having a
top face [and housing a first integrated device provided
with an active area adjacent to the top face] that
includes a first buried cavity in the device substrate and
a first membrane suspended above the first buried
cavity, the device substrate further including a second
membrane;
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a [capping substrate] cap coupled to the device substrate
above the top face [so as to cover the first integrated
device in such a manner that] and covering an upper
portion of the device substrate and forming a first
empty space [is provided in a position corresponding to
the active area] between an inner surface of the cap and
the first membrane of the device substrate and forming
a second empty space between an inner surface of the
cap and a surface of the second membrane, the first and
second empty spaces being isolated from each other,
and

an access duct in the cap that provides fluid connectivity
between the first empty space and an environment
outside of the assembly; and

clectrical-contact elements for electrical connection of the
[first integrated device] device substrate to a location
outside of the [substrate-level] assembly.

2. The assembly of claim 1, wherein [the first integrated
device 1s provided with a buried cavity formed within the
device substrate and a membrane suspended over the buried
cavity at the active area; the first empty space being provided
in a position corresponding to the membrane] electrical-
contact elements include at least one of contact pads located
on the top surface of the device substrate or on a bottom
surface of the device substrate.

3. The assembly of claim [1, wherein an access duct is
provided within the capping substrate, the access duct being
fluidly connected to the first empty space and to the outside
of the substrate-level assembly] 2 wherein the electrical-
contact elements include through vias that are coupled to a
respective contact pad on the bottom surface of the device
substrate.

4. The assembly of claim 1, wherein [the capping sub-
strate has a first sensor cavity above the active area of the
first integrated device, the first sensor cavity forming at least
in part the first empty space; in particular,] the first [sensor
cavity having] empty space has a depth in the range of 10 um
and 400 um.

5. The assembly of claim 1, further comprising a surface
of the cap bonded to a surface of the device substrate at a
bonding region [arranged between the device substrate and
the capping substrate to ensure joining thereot, and placed in
contact with the top face in such a manner as to surround,
without being superimposed thereon, the active area of the
first integrated device; the first empty space being delimited,
at least in part, by the bonding region].

6. The assembly of claim 5, wherein [the capping sub-
strate is flat and not patterned and] the bonding region has
a thickness between 6 um and 100 um [to entirely define a
thickness of the first empty space].

7. The assembly of claim 5, wherein the [capping sub-
strate includes one between] cap is formed from at least one
of the following materials: semiconductor material, glass,
ceramic, and polymeric materiall; and wherein the bonding
region includes glass frit or a metal or polymeric material].

8. The assembly of claim 5, wherein [at least one of] the
[capping substrate] cap and bonding region is made of a
conductive material configured to provide an electrostatic
shield for the first integrated device[; the first integrated
device comprising), and wherein the first membrane is part
o/ a microphone.

9. The assembly of claim [2, wherein the electrical-
contact elements comprise at least one of through vias made
through the device substrate and electrical-connection pads
formed on a portion of the top face of the device substrate
not covered by the capping substrate; and] / wherein the
[first integrated device further comprises a buried cavity
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formed within the device substrate, a membrane suspended
over the buried cavity, and] device substrate includes trans-
duction elements configured to transform a deformation of
the first membrane into electrical signals, the electrical-
contact elements being [connected] coupled to the transduc-
tion elements.

10. The assembly of claim 1, [wherein the first integrated
device further comprises a buried cavity formed within the
device substrate and a membrane suspended over the buried
cavity; and a first access duct 1s provided within the capping
substrate and fluidly connected to the first empty space and
to the outside of the substrate-level assembly; and] further
comprising a second access duct 1s provided within the
device substrate 1n fluid communication with the first buried
cavity [of the integrated device] and with the ervironment
outside of the [substrate-level] assembly.

11. The assembly of claim 1, wherein [a first access duct
and a plurality of further access ducts are provided within
the capping substrate, and fluidly connected to] the cap
includes a plurality of access ducts that provide fluid con-
nectivity between the first empty space and to the environ-
ment outside of the [substrate-level] assembly[; the first and
turther access ducts being at least one of: different size and
separated by a different inter-spacing].

[12. The assembly of claim 1, wherein the device sub-
strate houses at least a further integrated device provided
with a respective active area; and wherein a turther empty
space 1s provided 1n a position corresponding to the respec-
tive active area of the further integrated device; the further
empty space being fluidly 1solated with respect to the first
empty space.}]

13. The assembly of claim [12] I, wherein [the capping
substrate has at least one further sensor cavity set above the
respective active area of the further integrated device, and
forming, at least in part, the further empty space; the first
empty space and further empty space separated 1 a tluid-
tight manner, at least 1n part, by a separation portion of the
capping substrate placed between the first empty space and
the further empty space] the second empty space is not in
fluid communication with the environment outside the
assembly.

14. The assembly of claim [12] /, [further comprising a
bonding region placed between the device substrate and the
capping substrate, and 1n contact with the top face of the
device substrate 1n such a manner as to surround, without
being superimposed thereon, the active area of the first
integrated device and the respective active area of the further
integrated device; the first empty space and the further
empty space being delimited, at least 1in part, by the bonding
region] wherein the device substrate includes a second
buried cavity and the second membrane is suspended above
the second buried cavity.

15. The assembly of claim [12] /, wherein [the first
integrated device further comprises a buried cavity formed
within the device substrate and a membrane suspended over
the buried cavity, and the further integrated device compris-
ing a respective buried cavity formed within the device
substrate and a respective membrane suspended over the
respective buried cavity; and wheremn the first integrated
device 1s a pressure sensor, and the further integrated device
1s an 1nertial sensor, the 1nertial sensor comprising an inertial
mass arranged on the respective membrane within the fur-
ther empty space] the second membrane is an inertial
Sensor.

16. The assembly of claim 15, wherein the inertial sensor
includes an inertial mass arranged on the second membrane
and the inertial mass includes metal materiall,] deposited
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directly on top of the [respective] membrane[; the metal
material chosen from the group comprising silver, tin, cop-
per, lead, and gold, and having a density greater than 7000
kg/m’].

17. The assembly of claim [12] I, wherein the first
[integrated device comprises] membrane, the first empty
space, and the first buried cavity are part of a pressure
sensor, and the [further integrated device comprises] second
membrane, second empty space, and a second buried cavity
are part of a relerence pressure sensor for the pressure
SENSor.

18. The assembly of claim 1, wherein the first [integrated
device further comprises a buried cavity formed within the
device substrate and a membrane suspended over the buried
cavity; the first integrated device comprising] membrane,
the first empty space, and the first buried cavity are part of
a microphone sensor having a back-chamber separated from
the first buried cavity by a sensing diaphragm configured to
move as a result of the pressure exerted thereon by sound
waves reaching the first buried cavity.

19. The assembly of claim [18] 7, wherein the first
[integrated device further comprises a buried cavity formed
within the device substrate and a membrane suspended over
the buried cavity; the first integrated device comprising]
membrane, the first empty space, and the first buried cavity

form a gas sensor and the first membrane [including}

includes a detection material configured to allow detecting
the presence of a gaseous material[; the membrane being
thermally decoupled from the device substratel].

20. The assembly of claim [1] /2, wherein the [capping
substrate includes a layer grown on the device substrate, 1n
particular by electroplating or epitaxial steps; the capping
substrate being integral to the device substrate] second
membrane includes an accelevometer.

21. An electronic device, comprising:

[a substrate-level] ar assembly that includes:

a device substrate of semiconductor materiall,] having
a top face and [housing a] irncluding first [integrated
device provided with an active area adjacent to the
top face] and second sensor regions:

a [capping substrate] cap coupled to the device sub-
strate above the top face so as to cover the first
[integrated device] anrnd second sensor regions in
such a manner that a first [empty space] cavity is
provided [in a position corresponding to the active
areal above the first sensor region and a second
cavity is provided above the second sensor region,

the first cavity being separate from the second cavity;
and

clectrical-contact elements for electrical connection
[of] 70 the first [integrated device] and second sensor
regions extending outside of the [substrate-level
assembly] first and second cavities, and

a package [encasing and mechanically protecting the

substrate-level assembly; wherein the package com-

prises] that includes:

a base body mechanically supporting the [substrate-
level] assembly, and

[a] an insulative coating [region configured to coat
laterally] material that is located on lateral sides of
the [substrate-level] assembly.

22. The device of claim 21, wherein an access duct 1s
provided within the [capping substrate] cap, the access duct
being fluidly connected to the first empty space and to [the]
an environment outside of [substrate-level] the assembly,
wherein the coating [region] leaves the access duct uncov-
ered and accessible from the outside:
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a top surface of the [capping substrate] cap defining part
of a first outer face of the package, and
the access duct.

23. The device of claim 21, wherein the package 1s of an
LGA, SO, QFN or BGA type, and has contact pads carried °

by a surface of the base body[, which is not in contact with
the substrate-level assembly and] ¢/at defines a second outer
tace of the package.

24. The device of claim 21, [further comprising a circuit
die electrically coupled to the substrate-level assembly and
encased by the package: wherein the device substrate and
circuit die are mechanically coupled to the base body
through a respective adhesion layer, and arranged side by
side] wherein the first sensor region includes a buried cavity
formed in the device substrate and a membrane suspended
above the buried cavity.

25. The device of claim [21] 24, [further comprising a
circuit die electrically coupled to the substrate-level assem-
bly and encased by the package; the circuit die being 20
mechanically coupled to the base body, and the device
substrate being mechanically coupled to the circuit die in a
stacked manner] wherein the cap includes an access duct
that places the first cavity is fluid communication with an
environment outside of the assembly. 25

26. The device of claim 21, further comprising an access
duct extending through the base body and reaching the
[substrate-level] assembly at a surface thereof, opposite to
the top face.

27. The device of claim 21, wherein the electronic device 30
comprises one of: a tire-pressure monitoring system, a
blood-pressure monitoring system, an 1nk-¢jection system,
and a mobile phone.

28. A process for manufacturing [a substrate-level] ar
assembly, comprising: 35
providing a device substrate of semiconductor material,

having a top face;

forming a first [integrated device within] sensor region in

a top face of the device substrate, [and with an active
area adjacent to the top facelthe first sensor region 40
including a buried cavity and a membrane suspended
above the buried cavity;

coupling a [capping substrate] cap to the device substrate

above the top face so as to cover [the first integrated
device, the coupling comprising forming] and form a 45
first empty space [in a position corresponding to the
active area] above the membrane, the cap including a
plurality of access ducts that places the first empty
space in fluid communication with an environment
outside of the assembly, the plurality of access ducts 50
being of different sizes or a different inter-spacing being
provided therebetween or a combination of different
sizes and different inter-spacing; and

forming electrical-contact elements from the top face of

the device substrate to a bottom face of the device 55
substrate 1or electrical connection of the first integrated
device with the outside of the [substrate-level] assem-
bly.

29. The process of claim 28, [wherein forming a first
integrated device further comprises forming a buried cavity 60
within the device substrate and a membrane suspended over
the buried cavity, the first empty space formed 1n a position
corresponding to the membrane] further comprising forming
a second sensor region in the top face of the device sub-
strate, wherein coupling the cap to the device substrate 65
Jurther comprises forming a second empty space above the
second sensor region.
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30. The process of claim [28, further comprising forming
in the capping substrate access duct fluidly connected to the
first empty space and to the outside of the substrate-level
assembly] 29, wherein the first empty space is fluidly iso-
lated from the second empty space.

31. The process of claim 28, wherein [forming a first
empty space comprises forming in the capping substrate a
sensor cavity above the active area of the first mtegrated
device] the first sensor region includes a pressure sensor
component and the second sensor vegion includes an accel-
erometer component or a refervence pressure sensov cCOmpo-
nent.

32. The process of claim 28, wherein [the mechanically]
coupling the cap to the device comprises: forming a bonding
region between the device substrate and the [capping sub-
strate] cap and in contact with the top face of the device
substrate in such a manner as to surround|, without being
superimposed thereon, the active area of the first integrated
device:] an active area of the first sensor region and joining
the device substrate and the [capping substrate] cap via the
bonding region; and wherein the first empty space 1s delim-
ited, at least in part, by the bonding region.

33. The process of claim 28, wherein [forming a first
integrated device further comprises forming a buried cavity
within the device substrate, and a membrane suspended over
the buried cavity, and forming] the first sensor region
includes transducer elements configured to transform [into
electrical signals] a deformation of the membrane|, and
forming electrical-contact elements comprises: forming at
least one between through vias through the device substrate,
and forming electrical-connection pads on a portion of the
top face of the device substrate not covered by the capping
substrate; and connecting the through vias or the electrical-
connection pads to the transduction elements] into electrical
signals.

34. The process of claim 28, [wherein forming a first
integrated device further comprises forming a buried cavity
within the device substrate, and a membrane suspended over
the buried cavity; further comprising forming in the capping,
substrate a first access duct, fluidly connected to the first
empty space and to the outside of the substrate-level assem-
bly, and] further comprising forming in the device substrate
a second access duct 1n fluid communication with the buried
cavity of the [integrated device] first sensor region and with
the environment outside of the [substrate-level] assembly.

[35. The process of claim 28, further comprising forming
a first access duct and a plurality of further access ducts
within the capping substrate and fluidly connected to the first
empty space and to the outside of the substrate-level assem-
bly; 1n particular, the first and further access ducts being of
different size or a different inter-spacing being provided
therebetween or a combination of different size and diflerent
inter-spacing. ]

36. The process of claim 28, further comprising:

forming in the device substrate at least one [further

integrated device provided with a respective] second
sensor region having anr active area; and

the coupling further comprising forming a [further] sec-

ond empty space 1n a position corresponding to the
respective active area of the [further integrated device;]
second sensor region, the [further] second empty space
being fluidly i1solated from the first empty space.

37. The process of claim 36, wherein forming a [further]
second empty space comprises forming at least [a further]
one second sensor cavity in the [capping substrate] cap, over
the respective active area of the [further integrated device]
second sensor region; the forming at least [a further] ore
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second sensor cavity comprising separating the first empty
space and the [further] secornd empty space via a separation
portion of the [capping substrate] cap.

38. The process of claim 36, wherein [the] coupling t4e
cap to the device substrate comprises forming a bonding
region set between the device substrate and the [capping
substrate] cap and in contact with the top face in such a
manner as to surround|, without being superimposed
thereon, the active area of the first integrated device and the
respective active area of the further integrated device; the
first empty space and the further empty space being delim-
ited, at least in part, by the bonding region] the membrane
of the first sensor region.

39. The process of claim [36, wherein forming a first
integrated device] 29 wherein forming the second sensor
region comprises forming a buried cavity within the device
substrate and a membrane suspended over the buried cavity,
[and forming a further integrated device comprises forming
a respective buried cavity within the device substrate and a
respective membrane suspended over the respective buried
cavity; and wherein forming a first integrated device com-
prises forming a pressure sensor, and forming at least one
further integrated device comprises] the process further
comprising forming an inertial sensor that comprises form-
ing an inertial mass on the [respective] membrane [and
within the further empty space] of the second sensor region.

40. The process of claim 39, wherein forming [an] /e
inertial mass comprises depositing directly on top of the
respective membrane metal material chosen in the group
comprising silver, tin, copper, lead, and gold, and having a
density higher than 7000 kg/m".

41. The process of claim [36] 29, wherein forming [a first
integrated device] the first sensor region comprises forming
a portion of a pressure sensor, and forming [at least one
further integrated device] a second sensor region comprises
forming a portion of a relerence pressure sensor for the
pressure Sensor.

42. The process of claim 28, wherein forming [a first
integrated device] the first sensor region comprises forming
a portion of a microphone sensor [that includes a buried
cavity within the device substrate, a membrane suspended
over the buried cavity,] and a back-chamber separated from
the buried cavity by a sensing diaphragm configured to
move as a result of pressure exerted thereon by sound waves
reaching the buried cavity.

43. The process of claim 28, wherein forming [a first
integrated device] the first sensor region comprises forming
a portion of a gas sensor, [and in particular a buried cavity
within the device substrate, and a membrane suspended over
the buried cavity; forming] the membrane [comprising form-
ing] of the gas sensor including a detection material con-
figured to allow detecting the presence of a gaseous mate-
rial[, the membrane being thermally decoupled from the
device substrate].

44. The process of claim 28, wherein coupling the [cap-
ping substrate] cap comprises growing a layer of material on
the device substrate by electroplating or epitaxial steps; the
[capping substrate] cap being integral to the device sub-
strate.

45. A process for manufacturing an electronic device,
comprising;

forming [a substrate-level] an assembly, the forming

including;

[providing a device substrate of semiconductor mate-
rial, having a top face;]

forming a first [integrated device within the device
substrate and with an active area adjacent to the top
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face] buried cavity in a device substrate of semicon-
ductor material, a first membrane being located
above the buried cavity;

Jorming a second buried cavity in the device substrate,
a second membrane being located above the second
buried cavity;,

coupling a [capping substrate] cap to the device sub-
strate above the top face so as to cover the first
[integrated device] and second membranes, the cou-
pling [comprising] forming a first empty space [in a
position corresponding to the active area] and a
second empty space, the first empty space being
located over the first membrane, the second empty
space being located over the second membrane, the
first empty space being fluidly isolated from the
second empty space; and

forming electrical-contact elements in the device sub-
strate for electrical connection of the first integrated
device with the outside of the [substrate-level]
assembly; and

encasing the [substrate-level] assembly in a package, [for

coating and mechanically protecting the substrate-level

assembly;]

wherein the encasing comprises providing a base body to

support the [substrate-level] assembly, and coating

[laterally the substrate-level] sides of the assembly with

[a] an insulative coating [region] material.

46. The process of claim 45, further comprising providing,
an access duct within the [capping substrate] cap, the access
duct being fluidly [connected to] cornecting the first empty
space and to [the] ar environment outside of the [substrate-
level] assembly, wherein the coating [region] material is
configured to leave the access duct uncovered and accessible
from the outside:

a top surface of the [capping substrate] cap defining part

of a first outer face of the package, and

the access duct.

4'7. The process of claim 45, comprising forming contact
pads at a surface of the base body[, which is not in contact
with the substrate-level assembly] and defines a second
outer face of the package.

48. The process of claim 45, further comprising [electri-
cally coupling a circuit die to the substrate-level assembly
within the package; and wherein the encasing further com-
prises mechanically coupling, arranged side by side, the
device substrate and circuit die to the base body through a
respective adhesion layer] an inertial sensor located on top
of the second membrane, the inertial sensor being config-
ured to sense an acceleration.

49. The process of claim 45, [further comprising electri-
cally coupling a circuit die to the substrate-level assembly
within the package; and wherein the encasing further com-
prises mechanically coupling the circuit die to the base body,
and said mechanically coupling the device substrate to the
circuit die in a stacked manner] wherein the base body
includes through vias that electrically couple the electrical-
contact elements of the device substrate outside of the
package.

50. The process of claim 45, further comprising [forming
an access duct extending through the base body and reaching
the substrate-level assembly at a surface thereof, opposite to
the top face] forming a third buried cavity in the device
substrate, a third membrane being located above the thivd
buried cavity.

51. An assembly comprising:

[an article, and]
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a base substrate having a first surface and a second
surface;

[a sensor assembly adapted to monitor at least one con-
dition of the article, the sensor assembly comprising;:}

a first device substrate of semiconductor materiall,] hav-
ing a top face and [housing] including a first [integrated
device provided with] sensor region having an active
area adjacent to the top face;

a second device substrate of semiconductor material
having a first surface and including an integrated
circuit, the first device substrate being located on the
fivst substrate of the second device substrate, the inte-
grated circuit being electrically coupled to the first
sensor region,

a [capping substrate] cap coupled to the first device
substrate above the top face so as to cover the first
[integrated device in such a manner] sensor region so
that a first empty space 1s provided in a position
[corresponding to] above the active area; and

clectrical-contact elements extending from the first sur-
Jace to the second surface of the base substrate lor
electrical connection of the first [integrated device}
sensor vegion and the integrated circuit outside of the
[substrate-level] assembly.

52. The assembly of claim 51, wherein the first [integrated
device is provided with] sensor region includes a buried
cavity formed within the first device substrate and a mem-
brane suspended over the buried cavity at the active area; the
first empty space being provided 1n a position corresponding
to the membrane.

53. The assembly of claim 51, wherein a first access duct
is provided within the [capping substrate] cap, the first
access duct beimng fluidly connected to the first empty space
and to [the] an environment outside of the [substrate-level]
assembly.

54. The assembly of claim 51, wherein the [capping
substrate] cap has a first sensor cavity above the active area
of the first [integrated device] sensor region, the first sensor
cavity forming at least 1n part the first empty space; the first
sensor cavity having a depth in the range of 10 um and 400
L.
55. The assembly of claim 351, further comprising a
bonding region arranged between the first device substrate
and the [capping substrate] cap to ensure joining thereof],
and placed 1n contact with the top face 1n such a manner as
to surround, without being superimposed thereon, the active
area ol the first integrated device; the first empty space being
delimited, at least in part, by the bonding region].

56. The assembly of claim 55, wherein the [capping
substrate] cap is a flat [and not patterned] substrate and the
bonding region has a thickness between 6 and 100 um [to
entirely define] that defines a thickness of the first empty
space.

57. The assembly of claim 52, wherein [the electrical-
contact elements comprise at least one through via made
through the device substrate; and electrical-connection pads
formed on a portion of the top face of the device substrate
not covered by the capping substrate; and wherein] the first
[integrated device further comprises] sensor region includes
a buried cavity formed within the device substrate and a
membrane suspended over the buried cavity, and transduc-
tion elements configured to transform a deformation of the
membrane into electrical signals, the electrical-contact ele-
ments being connected to the transduction elements.

58. The assembly of claim 51, wherein the first [integrated
device] sensor region further comprises a buried cavity
tformed within the first device substrate and a membrane
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suspended over the buried cavity; and the cap includes a first
access duct [is provided within the capping substrate and is
fluidly connected to the] that places the first empty space
[and to the] in fluid communication with an environment
outside of the [substrate-level] assembly [and a second
access duct 1s provided within the device substrate 1n fluid
communication with the buried cavity of the integrated
device and with the outside of the substrate-level assembly].

59. The assembly of claim 351, wherein a first access duct
and a plurality of [further] second access ducts are provided
within the [capping substrate] cap, and fluidly connected to
the first empty space and to [the] an environment outside of
the [substrate-level] assembly[; the first and further access
ducts being at least one of different size and separated by a
different inter-spacing].

60. The assembly of claim 51, wherein [the device sub-
strate houses at least a further integrated device provided
with a respective active area; and wherein a further empty
space 1s provided 1n a position corresponding to the respec-
tive active area of the further integrated device; the further
empty space being fluidly 1solated with respect to the first
empty space] the first and second access ducts are at least
one of different size and separated by a different inter-
spacing.

61. The assembly of claim 60, wherein [the capping
substrate has at least one further sensor cavity set above the
respective active area of the further integrated device, and
forming, at least in part, the further empty space; the first
empty space and further empty space being separated 1n a
flmid-tight manner, at least in part, by a separation portion of
the capping substrate placed between the first empty space
and the further empty space] a second device substrate
includes an access duct.

62. The assembly of claim 60, further comprising a
bonding region placed between the first device substrate and
the [capping substrate] cap, and in contact with the top face
of the first device substrate 1n such a manner as to surround,
without being superimposed thereon, the active area of the
first [integrated device and the respective active area of the
further integrated device; the first empty space and the
further empty space being delimited, at least in part, by the
bonding region] sensor region.

63. The assembly of claim 58, [wherein the first integrated
device further comprises a buried cavity formed within the
device substrate and a membrane suspended over the buried
cavity, and the further integrated device comprising a
respective buried cavity formed within the device substrate
and a respective membrane suspended over the respective
buried cavity; and wherein the first integrated device 1s a
pressure sensor, and the further integrated device i1s an
inertial sensor, the inertial sensor comprising an inertial
mass arranged on the respective membrane within the fur-
ther empty space] further comprising a coating material that
is located on a portion of the first surface of the base
substrate.

64. The assembly of claim 60, wherein the first [integrated
device comprises] sensor region is a portion of a pressure
sensor|[, and the further integrated device comprises a ref-
erence pressure sensor for the pressure sensor].

65. The assembly of claim 51, wherein the first [integrated
device] sensor region further comprises a buried cavity
formed within the device substrate and a membrane sus-
pended over the buried cavity; the first [integrated device
comprising] sensor region forming part of a microphone
sensor having a back-chamber separated from the buried
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cavity by a sensing diaphragm configured to move as a result
of the pressure exerted thereon by sound waves reaching the
buried cavity.

66. The assembly of claim 65, wherein the first [integrated
device] semsor region further comprises a buried cavity
formed within the device substrate and a membrane sus-
pended over the buried cavity; the first [integrated device
comprising] sensor region forming a portion of a gas sensor
and the membrane including a detection material configured
to allow detecting the presence of a gaseous material; the
membrane being thermally decoupled from the device sub-
strate.

67. The assembly of claim 51, wherein the [capping
substrate includes a layer grown on the device substrate, 1n
particular by electroplating or epitaxial steps; the capping
substrate being integral to the device substrate] second
device substrate includes an access duct that extends from
the first surface to a second surface, the access duct placing
a portion of the first sensor vegion in fluid communication
with an environment outside of the assembly.
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