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(57) Abrégé/Abstract:

A heat-loss pressure microsensor for measuring a gas pressure is disclosed that includes a plurality of pressure gauges arranged
proximate to one another on a substrate. The gauges may include a pair of gauges, each gauge including a thermistor having an
electrical resistance that varies with its temperature, the thermistor's temperature being responsive to the gas pressure, a platform
to receive the thermistor, and a support structure to hold the platform above the substrate. Each gauge may be configured to
produce a gauge output signal related to the electrical resistance of its thermistor. The two gauges are configured with their
platforms having equal nominal perimeters and different nominal surface areas, and their support structures having the same
nominal geometry. A differential signal may be obtained from the two gauge output signals. The differential signal conveys
information about the gas pressure and exhibits reduced sensitivity to fabrication-related dimensional variations.
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HEAT-LOSS PRESSURE MICROSENSORS

TECHNICAL FIELD
[0001] The technical field generally relates to pressure microsensors and, more particularly, to heat-
loss pressure microsensors providing reduced sensitivity to fabrication-related dimensional

variations.

BACKGROUND

[0002] Pressure microsensors are used in a wide range of vacuum technology applications, including
the packaging and processing industries. In particular, vacuum packaging is an important and
expensive step in the manufacturing of microelectromechanical systems (MEMS) and
microoptoelectromechanical systems (MOEMS). Micro-Pirani pressure sensors are one type of
pressure microsensors. A micro-Pirani sensor generally includes a thermistor disposed on a
suspended platform and exposed to a gas whose pressure is to be measured. When an electrical
signal is applied to the thermistor, the temperature of the thermistor increases until it reaches an
equilibrium value, resulting in a change of electrical resistance in accordance with the thermistor’s
temperature coefficient of resistance (TCR). The thermistor’s equilibrium temperature is a function of
the heat transferred with its surroundings, which effectively depends on the gas pressure. Thus,
measurement of the electrical resistance of the thermistor can provide a direct indication of the
pressure. Micro-Pirani sensors are used for pressure measurement and monitoring in a variety of
applications and systems, and can be made using typical microfabrication techniques, such as bulk
and surface micromachining, which can include multi-step processes involving photolithography,
etching, deposition, and annealing. These techniques are associated with unavoidable fabrication-
related dimensional variations that can impose challenges or limitations on the performance of micro-

Pirani sensors.

SUMMARY
[0003] The present description generally relates to techniques for mitigating or controlling the impact
of fabrication-related dimensional variations in microfabricated heat-loss pressure sensors, such as

those based on micro-Pirani gauges.

[0004] In accordance with an aspect, there is provided a heat-loss pressure microsensor for
measuring a gas pressure in an environment The heat-loss pressure microsensor includes a
substrate, a first pressure gauge, and a second pressure gauge. The first pressure gauge is arranged
on the substrate and includes: a first thermistor having an electrical resistance that varies in

accordance with a temperature of the first thermistor, the temperature of the first thermistor being
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responsive to the gas pressure in the environment; a first platform configured to receive the first
thermistor; and a first support structure configured to suspend the first platform above the substrate,
wherein the first pressure gauge is configured to produce a first gauge output signal related to the
electrical resistance of the first thermistor. The second pressure gauge is arranged on the substrate
proximate to the first pressure gauge. The second pressure gauge includes: a second thermistor
having an electrical resistance that varies in accordance with a temperature of the second thermistor,
the temperature of the second thermistor being responsive to the gas pressure in the environment;
a second platform configured to receive the second thermistor; and a second support structure
configured to suspend the second platform above the substrate, wherein the second pressure gauge
is configured to produce a second gauge output signal related to the electrical resistance of the
second thermistor. The first platform and the second platform are configured to have equal nominal
perimeters and different nominal surface areas. The first support structure and second support
structure are configured to have a same nominal geometry. A differential signal obtained from the
first and second gauge output signals conveys information about the gas pressure in the

environment.

[0005] In one embodiment, the first and second pressure gauges are spaced apart from each other

by a center-to-center inter-gauge distance ranging from about 40 uym to about 500 pm.

[0006] In one embodiment, the first and second platforms each have a square shape, a rectangular
shape, a polygonal shape, a circular shape, or an elliptical shape. In one embodiment, one of the
first and second platforms has a square shape and the other one of the first and second platforms

has a rectangular shape.

[0007] In one embodiment, the first and second support structures each include a plurality of support

arms connected to the first platform and the second platform, respectively.

[0008] In one embodiment, the first and second thermistors are each made of a vanadium oxide

material, an amorphous silicon material, or a titanium oxide material.

[0009] In one embodiment, the first gauge output signal is representative of a first amount of electrical
power for varying the electrical resistance of the first thermistor between two resistance values
corresponding to a change in the temperature of the first thermistor between a first pair of temperature
values, and the second gauge output signal is representative of a second amount of electrical power
needed for varying the electrical resistance of the second thermistor between two resistance values

corresponding to a change in the temperature of the second thermistor between a second pair of
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temperature values. In one embodiment, the temperature values of the first pair are substantially the

same as the temperature values of the second pair.

[0010] In one embodiment, the heat-loss pressure microsensor further includes: an electrical readout
circuit electrically connected to the first thermistor and the second thermistor and configured to
measure the first gauge output signal and the second gauge output signal; and a processing unit
operatively connected to the electrical readout circuit and configured to receive the first gauge output
signal and the second gauge output signal measured by the electrical readout unit, obtain the
differential signal from the first and second gauge output signals, and determine the gas pressure in
the environment from the differential signal. In one embodiment, the processing unit is configured to
determine the differential signal by calculating a difference between a first thermal conductance,
associated with the first pressure gauge and derived from the first gauge output signal, and a second
thermal conductance, associated with the second pressure gauge and derived from the second
gauge output signal. In one embodiment, the processing unit is configured to determine the gas
pressure in the environment from the differential signal by comparing the differential signal with
calibration data relating a differential thermal conductance parameter of the heat-loss pressure

microsensor to gas pressure.

[0011] In one embodiment, the heat-loss pressure microsensor further includes a third pressure
gauge and a fourth pressure gauge. The third pressure gauge is arranged on the substrate proximate
to the first pressure gauge and the second pressure gauge. The third pressure gauge includes: a
third thermistor having an electrical resistance that varies in accordance with a temperature of the
third thermistor, the temperature of the third thermistor being responsive to the gas pressure in the
environment; a third platform configured to receive the third thermistor; and a third support structure
configured to suspend the third platform above the substrate, wherein the third pressure gauge is
configured to produce a third gauge output signal related to the electrical resistance of the third
thermistor, and wherein the third pressure gauge being configured to be substantially identical to the
first pressure gauge. The fourth pressure gauge is arranged on the substrate proximate to the first
pressure gauge, the second pressure gauge, and the third pressure gauge. The fourth pressure
gauge includes: a fourth thermistor having an electrical resistance that varies in accordance with a
temperature of the fourth thermistor, the temperature of the fourth thermistor being responsive to the
gas pressure in the environment; a fourth platform configured to receive the fourth thermistor; and a
fourth support structure configured to suspend the fourth platform above the substrate, wherein the
fourth pressure gauge is configured to produce a fourth gauge output signal related to the electrical

resistance of the fourth thermistor, and wherein the fourth pressure gauge being configured to be
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substantially identical to the second pressure gauge. The first, second, third, and fourth gauge output
signals are associated with respective first, second, third, and fourth temperature values of the first,
second, third, and fourth thermistors, the first and third temperature values being different from each
other, and the second and fourth temperature values being different from each other. The differential
signal is obtained from a first combined output signal obtained from the first and third gauge output
signals and from a second combined output signal obtained from the second and fourth gauge output
signals. In one embodiment, the first and second temperature values are substantially the same and

the third and fourth temperature values are substantially the same.

[0012] In one embodiment, the third and fourth pressure gauges are spaced apart from each other
and from the first and second pressure gauges by inter-gauge distances ranging from 40 uym to
500 pum.

[0013] In one embodiment, the heat-loss pressure microsensor further includes: an electrical readout
circuit electrically connected to the first, second, third, and fourth thermistors, the electrical readout
circuit being configured to measure the first, second, third, and fourth gauge output signals; and a
processing unit operatively connected to the electrical readout circuit and configured to receive the
first, second, third, and fourth gauge output signals measured by the electrical readout unit, obtain
the differential signal from the first, second, third, and fourth gauge output signals, and determine the

gas pressure in the environment from the differential signal.

[0014] In accordance with another aspect, there is provided a method for measuring a gas pressure
in an environment. The method includes providing a first pressure gauge and a second pressure
gauge in a proximate relationship on a substrate, each one of the first and second pressure gauges
including a thermistor having an electrical resistance that varies in accordance with a temperature of
the thermistor, the temperature of the thermistor being responsive to the gas pressure in the
environment, a platform configured to receive the thermistor, and a support structure configured to
suspend the platform above the substrate, wherein the two platforms are configured to have equal
nominal perimeters and different nominal surface areas, and the two support structures are
configured to have a same nominal geometry. The method also includes measuring a first gauge
output signal and a second gauge output signal indicative of the electrical resistance of the thermistor
of the first and second pressure gauges, respectively. The method further includes obtaining a
differential signal from the measured first and second gauge output signals, and determining the gas

pressure in the environment from the differential signal.
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[0015] In one embodiment, obtaining the differential signal includes: deriving, from the first gauge
output signal, a first thermal conductance associated with the first pressure gauge; deriving, from the
second gauge output signal, a second thermal conductance associated with the second pressure
gauge; and calculating the differential signal as a difference between the first thermal conductance

and the second thermal conductance.

[0016] In one embodiment, providing the first pressure gauge and the second pressure gauge
includes arranging the first pressure gauge and the second pressure gauge spaced apart from each

other by a center-to-center inter-gauge distance ranging from about 40 um to about 500 pm.

[0017] In one embodiment, measuring the first gauge output signal includes relating the first gauge
output signal to an amount of electrical power for varying the electrical resistance of the thermistor of
the first pressure gauge between two resistance values corresponding to a change in the temperature
of the thermistor of the first pressure gauge between a first pair of temperature values, and measuring
the second gauge output signal includes relating the second gauge output signal to an amount of
electrical power for varying the electrical resistance of the thermistor of the second pressure gauge
between two resistance values corresponding to a change in the temperature of the thermistor of the

second pressure gauge between a second pair of temperature values.

[0018] In one embodiment, the method further includes providing a third pressure gauge and a fourth
pressure gauge on the substrate in a proximate relationship with each other and with the first and
second pressure gauges, each one of the third and fourth pressure gauges including a thermistor
having an electrical resistance that varies in accordance with a temperature of the thermistor, the
temperature of the thermistor being responsive to the gas pressure in the environment, a platform
configured to receive the thermistor, and a support structure configured to suspend the platform
above the substrate, wherein the third and fourth pressure gauges are configured to be substantially
identical to the first and second pressure gauges, respectively. The method also includes measuring
a third gauge output signal and a fourth gauge output signal indicative of the electrical resistance of
the thermistor of the third and fourth pressure gauges, respectively. The first, second, third, and fourth
gauge output signals are associated with respective first, second, third, and fourth temperature
values of the first, second, third, and fourth thermistors, the first and third temperature values being
different from each other, and the second and fourth temperature values being different from each
other, and obtaining the differential signal includes obtaining a first combined output signal from the
measured first and third gauge output signals, obtaining a second combined output signal from the
measured second and fourth gauge output signals, and determining the differential signal from the
first and second combined output signals.

Date Recue/Date Received 2022-09-09
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[0019] It is to be noted that other method and process steps may be performed prior to, during or
after the method and process steps described hersin. The order of one or more of the steps may also
differ, and some of the steps may be omitted, repeated, and/or combined, depending on the

application.

[0020] Other features and advantages of the present description will become more apparent upon
reading of the following non-restrictive description of specific embodiments thereof, given by way of
example only with reference to the appended drawings. Although specific features described in the
above summary and the foregoing detailed description may be described with respect to specific
embodiments or aspects, it should be noted that these specific features can be combined with one

another unless stated otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS
[0021] Fig. 1 is a schematic representation of an example of a micro-Pirani gauge, which may be
used in embodiments of the pressure microsensors disclosed herein.

[0022] Fig. 2 is a graph depicting characteristic curves of the total thermal conductance Giata, the gas
thermal conductance Gg.s, the solid thermal conductance Gsoiw, and the radiative thermal
conductance Grnq of a typical micro-Pirani gauge in an environment, plotted as functions of the gas
pressure in the environment. Both the abscissa and the ordinate of the graph of Fig. 2 are in

logarithmic scales.

[0023] Fig. 3Ais a graph on alog-log scale depicting a set of thirteen calibration curves of the thermal
conductance versus pressure (open circles) measured with thirteen micro-Pirani gauges from the
same wafer. Fig. 3A also depicts a mean calibration curve (solid line) obtained from the set of
individual calibration curves. Fig. 3B is a zoomed-in view of a low-pressure region of Fig. 3A,

illustrating how the individual calibration curves deviate from one another below 1072 Torr.

[0024] Fig. 4 is a graph depicting thirteen curves of estimated relative error in pressure
determination, plotted as functions of pressure on a log scale. The thirteen curves are associated
with the thirteen micro-Pirani gauges whose individual calibration curves are depicted in Fig. 3A.
Each curve in Fig. 4 represents the estimated relative error in pressure determination resulting from
the use of the mean calibration curve shown in Fig. 3A instead of the calibration curve determined

for each individual gauge.

CA 03170485 2022-9-1



10

15

20

25

WO 2021/203187 PCT/CA2020/050460

[0025] Fig. 5is a contour plot of low-pressure total thermal conductance measurements made across
a wafer of Pirani gauges. The gray scale represents the percent deviation of the measured thermal

conductance relative to the mean value measured across the wafer.

[0026] Fig. 8 is a schematic representation of a possible embodiment of a heat-loss pressure

microsensor.

[0027] Fig. 7A is a schematic representation of a wafer having a plurality of pairs of pressure gauges
fabricated thereon. The wafer can be diced into a plurality of individual dies, where each die
constitutes an individual dual-gauge pressure microsensor. Fig. 7B is a schematic representation of
a wafer having a plurality of MEMS devices fabricated therson, where each MEMS device includes
a MEMS and dual-gauge pressure microsensor enclosed in a vacuum package. Each die of the wafer

constitutes one of the MEMS devices.

[0028] Fig. 8is a flow diagram of a method for measuring gas pressure, in accordance with a possible
embodiment.

[0029] Fig. 9 is a schematic top view of the pressure microsensor of Fig. 6, depicting the platforms
and the support structures of the first and second pressure gauges, where the solid lines correspond
to nominal dimensions and the dashed lines correspond to dimensional tolerances related to the

fabrication process of the first and second pressure gauges.

[0030] Fig. 10 is a schematic representation of another possible embodiment of a heat-loss pressure

microsensor.

[0031] Figs. 11A to 11E are schematic representations of possible examples of unmatched pairs of
platform shapes having the same nominal perimeters but different nominal surface areas. Fig. 11A:
square and circular; Fig. 11B: circular and rectangular; Fig. 11C: hexagonal and rectangular;

Fig. 11D: elliptical and circular; and Fig. 11E: square and square with a square hole therein.

[0032] Fig. 12 is a schematic representation of another possible embodiment of a heat-loss pressure

microsensor.

[0033] Fig. 13 is a flow diagram of another method for measuring gas pressure, in accordance with

a possible embodiment.

CA 03170485 2022-9-1
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DETAILED DESCRIPTION

[0034] In the present description, similar features in the drawings have been given similar reference
numerals. To avoid cluttering certain figures, some elements may not be indicated if they were
already identified in a preceding figure. It should also be understood that the elements of the drawings
are not necessarily depicted to scale, since emphasis is placed on clearly illustrating the elements
and structures of the present embodiments. Furthermore, positional descriptors indicating the
location and/or orientation of one element with respect to another element are used herein for ease
and clarity of description. Unless otherwise indicated, these positional descriptors should be taken in
the context of the figures and should not be considered limiting. As can be appreciated, such spatially
relative terms are intended to encompass different orientations in the use or operation of the present

embodiments, in addition to the orientations exemplified in the figures.

33
)

[0035] In the present description, when a first element is referred to as being “on”, “above”, “below”,
“over”, or “under” a second element, the first element can be either directly or indirectly on, above,
below, over, or under the second element, respectively, such that one or multiple intervening

elements may be disposed between the first element and the second element.

[0036] Unless stated otherwise, the terms “connected” and “coupled”, and derivatives and variants
thereof, are intended to refer to any connection or coupling, either direct or indirect, between two or
more elements. For example, the connection or coupling between the elements may be mechanical,
optical, electrical, magnetic, thermal, chemical, logical, fluidic, operational, or any combination

thereof.

[0037] In the present description, the terms “a”, “an”, and “one” are defined to mean “at least one”,

that is, these terms do not exclude a plural number of elements, unless stated otherwise.

[0038] Terms such as “substantially”, “generally”’, and “about”’, that modify a value, condition, or
characteristic of a feature of an exemplary embodiment, should be understood to mean that the value,
condition, or characteristic is defined within tolerances that are acceptable for the proper operation
of this exemplary embodiment for its intended application or that fall within an acceptable range of
experimental error. In particular, the term “about” generally refers to a range of numbers that one
skilled in the art would consider equivalent to the stated value (e.g., having the same or equivalent
function or result). In some instances, the term “about” means a variation of £10 percent of the stated
value. It is noted that all numeric values used herein are assumed to be modified by the term “about?,

unless stated otherwise.

CA 03170485 2022-9-1
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[0039] The present description generally relates to techniques for compensating or at least reducing

the effect of fabrication-related dimensional variations in heat-loss pressure microsensors.

[0040] As described in greater detail below, a heat-loss pressure microsensor in accordance with an
embodiment may include a substrate and a plurality of pressure gauges arranged on the substrate
and exposed to the gas whose pressure is to be measured. The pressure gauges may be located
sufficiently close to one another on the substrate for them to be characterized by fabrication-related
dimensional variations that, although a priori unknown, can be assumed to be substantially the same.
The pressure gauges may include a first pressure gauge and a second pressure gauge. Each
pressure gauge includes a thermistor having an electrical resistance that varies in accordance with
its temperature, which itself is responsive to the gas pressure to be measured; a platform configured
to receive the thermistor; and a support structure configured to suspend the platform above the
substrate. Each pressure gauge may be configured to generate a respective gauge output signal that
is representative of or related to the pressure-dependent electrical resistance of its thermistor. The
first and second pressure gauges may have different geometries, leading to different first and second
gauge output signals. By enforcing certain geometrical design rules, a differential signal may be
obtained from the first and second gauge output signals, from which the gas pressure may be
determined. The differential signal may be less sensitive to fabrication-related dimensional variations
than either of the first and second gauge output signals. The geometrical design rules may include
providing the first and second pressure gauges with support structures configured to have the same
nominal geometry and with platforms configured to have equal nominal perimeters but different

nominal surface areas.

[0041] The present techniques make it possible to collectively calibrate all or a subset of nominally
identical two-gauge pressure microsensors fabricated on a same wafer by determining a calibration
curve for only one of the pressure microsensors, despite the fact that pressure microsensors located
far from one another on the wafer may suffer from different fabrication-related dimensional variations.
This single calibration curve may then be used with acceptable accuracy with all of the pressure
microsensors fabricated on the wafer or on a region thereof, even though the pressure microsensors
may be used in different applications after the dicing of the wafer into individual dies. The use of such
a single calibration curve may be advantageous in that it obviates the need to individually calibrate
every pressure microsensor fabricated on a wafer, since performing such individual calibration runs
may be costly, inefficient, or difficult to implement, as more than thousands of gauges may be
fabricated on a single wafer.
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[0042] The present techniques may be useful in a variety of fields and industries that may benefit
from or require pressure microsensors with reduced sensitivity to fabrication-related dimensional
variations. In particular, the present techniques may be used in systems and processes for pressure
measurement and hermeticity monitoring over various pressure ranges, for example ranging from
about 10° Torr down to about 107° Torr. Non-limiting examples of applications include in situ pressure
measurements in die-level and wafer-level vacuum-packaged MEMS and MOEMS devices (e.g.,
bolometers, resonators, accelerometers, and gyroscopes) and use in analytical and processing
equipment with integrated vacuum systems (e.g., mass spectrometers, scanning electron

microscopes, thin-film deposition facilities, and vacuum-assisted resin transfer molding systems).

[0043] Various aspects and implementations of the present techniques are described below with

reference to the figures.

[0044] Referring to Fig. 1, there is illustrated a schematic perspective view of an example of a micro-
Pirani pressure gauge 100 for measuring gas pressure in an environment 102. The pressure
gauge 100 of Fig. 1 may be used as one of the gauges in embodiments of heat-loss pressure
microsensors disclosed herein. The pressure gauge 100 is provided on a substrate 104 and includes
a suspended platform 108, a support structure 108 holding the platform 106 above the substrate 104,
a thermistor 110 received on the platform 106, an electrical readout circuit 112 located in the
substrate 104, and an electrode structure 114 electrically connecting the thermistor 110 to the
electrical readout circuit 112. The structure, composition, and operation of these and other possible

components of the pressure gauge 100 are described in greater detail below.

[0045] Micro-Pirani pressure gauges such as the one depicted in Fig. 1 can be fabricated using
common integrated-circuit and MEMS/MOEMS wafer processing techniques, such as surface and
bulk micromachining. In such techniques, the gauge components can be successively deposited and
patterned on a substrate using thin-film deposition techniques paired with selective photoresist and
sacrificial layer etching processes. In some applications, micro-Pirani gauges can be fabricated using
a monolithic integration approach in which the substrate, typically provided with an underlying readout
integrated circuit (ROIC), is pre-manufactured using complementary metal-oxide-semiconductor
(CMQS) processes. However, it is appreciated that the pressure gauges described herein can be

fabricated using other manufacturing techniques.

[0046] The substrate 104 provides mechanical support for the pressure gauge 100. The
substrate 104 may be made of silicon (Si), silicon carbide (SiC), gallium arsenide (GaAs), germanium

(Ge), or another suitable material or combination of materials. The electrical readout circuit 112 may
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be embodied by a number of CMOS circuitry layers formed on or in the substrate 104. Alternatively,
the electrical readout circuit 112 may be provided outside of the substrate 104. The electrical readout
circuit 112, which may be active or passive, is configured to measure changes in the electrical
resistance of the thermistor 110 resulting from heat transfer to its surroundings, namely the
substrate 104 and the environment 102, and to provide an electrical output signal (e.g., a voltage
and/or a current) representative of the measured changes in electrical resistance. The pressure
gauge 100 may include an electrode structure 114 configured to connect electrically the
thermistor 110 to the electrical readout circuit 112. The pressure gauge 100 may further include a
processing unit 116 configured to process the electrical output signal from the electrical readout

circuit 112 in order to determine, with proper calibration, the gas pressure in the environment 102.

[0047] The platform 106 is suspended above the substrate 104 by the support structure 108. The
term “platform” generally refers herein to a substantially planar suspended structure, typically having
greater horizontal dimensions than vertical thickness. In the present description, the term “horizontal”
refers to directions lying in a plane generally parallel to the substrate 104, while the term “vertical”
refers to a direction generally perpendicular to the plane of the substrate 104. The suspension of the
platform 106 above the substrate 104 provides thermal isolation to the thermistor 110, in order to
enhance the detection sensitivity of the pressure gauge 100. The platform 106 may be a single or
multilayer structure made of an electrically insulating, mechanically self-supportive, and low-stress
material, such as silicon nitride and silicon dioxide. The platform 106 may have lateral dimensions
ranging from about 10 um to about 100 ym, and a thickness ranging from about 0.1 ym to about
1 um, although other dimensions may be used in other implementations. It is appreciated that the

platform 106 may be provided in a variety of shapes, dimensions, and configurations.

[0048] In the present description, the term “support structure” is used to refer broadly to a structure
configured to suspend the platform 106 in a spaced-apart relationship above the substrate 104. For
example, the support structure 108 is configured to hold the platform 106 at a height ranging from
about 0.5 ym to about 10 ym above the substrate 104, although other height values are possible in
other implementations. The support structure 108 also provides a path for the electrode structure 114
to connect the thermistor 110 to the electrical readout circuit 112. Like the platform 106, the support
structure 108 may be made of a low-stress and self-supporting material such as silicon nitride or
silicon dioxide. In some embodiments, it may be convenient to describe the support structure 108 as
having arms 118 and posts 120. The terms “arm” and “post” generally refer herein to structural
elements of the support structure 108 that extend mainly horizontally and mainly vertically,
respectively. In Fig. 1, the support structure 108 includes two arms 118 that extend outwardly from
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opposite edges of the platform 106, and two posts 120 connecting the two arms 118 to the
substrate 104. It is appreciated, however, that the support structure 108 may have a variety of
configurations to meet the mechanical, electrical, and/or thermal requirements or preferences of a
given application. For example, the arms 118 and posts 120 of the support structure 108 may have
various shapes and dimensions, and their number can vary depending on the application. In
particular, the arms 118 and posts 120 need not be straight, but may have a variety of irregular or
more complex configurations to provide more control over the thermal conductance of the support
structure 108. Furthermore, while the arms 118 extend from opposite edges of the platform 106 in
Fig. 1, other configurations are possible, such as arms extending from the same edge of the platform

or from a region closer to the center of the platform rather than near its outer periphery.

[0049] Referring still to Fig. 1, the pressure gauge 100 includes a thermistor 110 disposed on or in
the platform 106. In the present description, the term “thermistor” is intended to encompass any
suitable material, structure, or device having an electrical resistance that changes as a function of its
temperature, generally in a predictable and controllable manner. The thermistor 110 may be made
of a material having a high TCR at room temperature, for example at least 0.5% per kelvin in absolute
value. Non-limiting examples of thermistor materials include vanadium oxide, amorphous silicon, and
titanium oxide. However, other thermistor materials or combination of thermistor materials may be
used in other implementations including, but not limited to, semiconductor-, ceramic-, polymer-, and
metal-based thermistors, with either positive or negative TCR. The pressure gauge 100 of Fig. 1
includes a single thermistor 110, which is depicted as a rectangular thin film whose width, length, and
thickness can be selected in order to control its thermal and electrical properties. It is appreciated,
however, that the size, shape, and arrangement of the thermistor 110 may be varied depending on
the application, and that some embodiments may include more than one thermistor 110 on the
platform 106.

[0050] The electrode structure 114 extends along the platform 106, the arms 118, the posts 120, and
the substrate 104 to provide an electrically conductive path between the thermistor 110 and the
electrical readout circuit 112. The electrode structure 114 may be formed using common
microfabrication techniques, and have any suitable shape, size, composition, and configuration. In
some implementations, the electrode structure 114 may essentially define the arms 118 of the
support structure 108, that is, the arms 118 may not include additional self-supporting material
beyond the material forming the electrode structure 114. As such, the electrode structure 114 forms
part of the support structure 108.
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[0051] The principles of operation of micro-Pirani gauges are known in the art [see, e.g., U.S. Pat.
No. 8,171,801 and Sisto ef al., “Pressure sensing in vacuum hermetic micropackaging for MOEMS-
MEMS,” Proc. SPIE vol. 7592, pp. 759204-1-759204-10 (2010)]. When an electrical current is
applied to a micro-Pirani gauge 100, such as the one depicted in Fig. 1, and flows through the
thermistor 110, the temperature of the thermistor 110 rises by Joule heating, resulting in a
corresponding change of its electrical resistance. As its temperature increases, the thermistor 110
will transfer heat to its surroundings until it reaches an equilibrium temperature, which is characteristic
of the gas pressure in the environment 102. At equilibrium, the thermodynamic interactions between

the thermistor 110 and its surroundings can be expressed as follows:
Pelec + Prad,in = Prad,out + Pcond,solid + Pcond,gas + Pconv,gas: (1)

where Pelec is the heat absorbed by the thermistor 110 by Joule heating, caused by electrical current
flowing through the thermistor 110; Pu.4jn is the heat absorbed by the thermistor 110 by radiative
thermal exchanges with its surroundings; Pudout is the heat radiated by the thermistor 110, which
depends, inter alia, on its temperature, surface area, and emissivity; Peondsolid is the heat dissipated
by conduction from the thermistor 110 to the substrate 104 through the support structure 108, which
depends, inter alia, on the geometry and the thermal conductivity of the support structure 108; Pcond,gas
is the heat dissipated by conduction from the thermistor 110 to the environment 102 through the gas,
which depends, inter alia, on the gas composition, temperature, and pressure, as well as the surface
area of the platform 106 and the gap between the platform 106 and the substrate 104; and Peonvgas
is the heat dissipated by convection from the thermistor to the environment 102 through the gas,
which can generally be ignored compared to Pconages, €Specially in the absence of forced gas

convection in the environment 102 of the gauge 100.

[0052] Under the assumptions that Pr.qn can be neglected compared to Peec and that Peonv,gas €an be
neglected compared to P.ond gas, Which are generally satisfied in practice, Equation (1) can be written
at steady state as follows:

Pejec = Gotat (@) (T — Tp) = [Grad + Gsolig + Ggas(p)](T —To), (2)

where T and Ty are the thermistor's equilibrium and initial temperatures, respectively, and
Giotal(p) = Grad + Gsolid + Ggas(p) is the total thermal conductance of the thermistor 110 with its
surroundings, where G4 is the thermal conductance due to heat radiation from the thermistor 110 to
its surroundings; Gsia is the thermal conductance due to solid heat conduction from the

thermistor 110 to the substrate 104 through the support structure 108; and Ggas(p) is the thermal
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conductance due to heat conduction from the thermistor 110 to its surroundings through the gas,

which depends on the gas pressure p in the environment 102.

[0053] Referring to Fig. 2, there is shown a graph that depicts characteristic curves of Giotl, Ggas,
Gsoia and Grq plotted as functions of pressure for a typical micro-Pirani gauge such as the one
illustrated in Fig. 1. It is appreciated that both the abscissa and the ordinate of the graph of Fig. 2 are
in logarithmic scales. The behavior of the thermal conductance as a function of pressure shown in
Fig. 2 is known in the art [see, e.g., Chae et al., “A Micromachined Pirani Gauge With Dual Heat
Sinks,” IEEE Trans. Adv. Packag., 28 (4), pp. 619-625 (2005)]. The curve of the total thermal
conductance Gital has a characteristic S-shape. The gas thermal conductance Ggs exceeds the
radiative thermal conductance above a certain pressure, and increases generally linearly with
pressure (on a log-log plot), up to a shoulder point at higher pressure where Gy starts to be less
sensitive to pressure variations. The main operating range of the micro-Pirani gauge is the pressure
range below the shoulder point, where Ggss is directly proportional to the gas pressure. In this range,
the sensitivity of the micro-Pirani gauge, which is defined by the slope of Gt as a function of
pressure, is determined mainly by Gg.s, which is itself a function of the surface area of the platform
containing the thermistor. The lower limit of the main operating range is dominated by Gsoig. This
limit, which is independent of pressure, depends mainly on the material properties and the

geometrical dimensions of the support structure holding the platform.

[0054] Returning to Fig. 1, in operation, the thermal conductance Gieta Of the pressure gauge 100 is
derived from electrical measurements and used to determine the gas pressure p by comparison with
calibration data. For example, a measurement of the variation of the thermistor's temperature with
applied electrical power may be used to determine the thermal conductance, which in turn can be
used to determine the gas pressure. In general, the thermistor's temperature, and therefore its
electrical resistance, depends on all of the heat transfer mechanisms included in Eq. (1). In particular,
the terms Pradin, Pradout, and Peondsoia may sometimes not be negligible compared to the power
(Pcond,gas + Peonv.gas = Peond gas) dissipated through the gas. Furthermore, most of the heat transfer
terms appearing in Eq. (1) are related to physical properties of the pressure gauge 100, which may
not always be known precisely. A pressure measurement method that aims to eliminate or at least
reduce the influence of the radiation and solid conduction contributions terms Prdjn, Pradout, and

Pqondsolid @nd the need for precise knowledge of certain parameters is disclosed in co-assigned U.S.
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Pat. No. 8,171,801 [see also Sisto ef al., “Pressure sensing in vacuum hermetic micropackaging for
MOEMS-MEMS,” Proc. SPIE vol. 7592, pp. 759204-1-759204-10 (2010)].

[0055] The method involves performing two measurements at two predetermined temperature
values, Ta and Ts, which respectively correspond to two thermistor’s resistance values Rs and Rs by

5  virtue of the thermistor's TCR. The first measurement includes applying a first electrical stimulation
to the pressure gauge to determine a first amount of supplied electrical power Peec.a N€eded to bring

the thermistor to the first temperature T4 (or equivalently to the first resistance R4). Similarly, the
second measurement includes applying a second electrical stimulation to the pressure gauge to
determine a second amount of supplied electrical power Peiec s Needed to bring the thermistor to the

10 second temperature T (or equivalently to the second resistance Rg). The first and second amounts
of electrical power Peeca and Peecs depend on the gas pressure to be measured. Then, assuming

that the two measurements are carried out under substantially the same radiative environment, such

that APraqin = 0, and that APrad,out, APsond,salid, @Nd APsonv gas depends only on Ta and Tg, Eq. (1) can be

written as follows:
APglec = APgond.gas T+ CONStant, (3)

15 where APuiee = Polocg = Peloo,a ANA APcond,gas = Poond,gas,2 = Peond,a (aNd likewise for the terms APadiin,
APradout, APcond,solid, @and APconv,gas introduced above and combined in the term “constant”). Eq. (3)
indicates that a variation in AP..c directly relates to a variation in APeondgae. At steady state, Eq. (3)

can be written as follows:

APgiec = Giotal(P)AT, (4)

where Guu(p) = Giad + Geolid + Ggas(p), @s in Eq. (2), and AT = Tg — Ta. Thus, it is possible to obtain

20 the gas pressure p in the environment by determining Giotai(p) from the measured values of Pejec,s and
P.ec,5 to reach Tx and Tp, and by referring to a calibration function of Gital @s a function of pressure.
It is appreciated that Eq. (4) can be expressed in terms of the thermistor's resistances R4 and Rs by
using the relationship AR = atcr[(Ra + RB)/2]AT, where AR = R4 — Rg and acr is the thermistor’s
TCR.

25 [0056] It is appreciated that in order to yield reliable pressure measurements, a heat-loss pressure
gauge should be properly calibrated. This may be accomplished, for example, by performing an initial
calibration of the gauge, typically in a factory setting during its manufacturing process or prior to its
first use, so as to provide proper conditions for accurate calibration. Typically, the initial calibration is
carried outin a controlled pressure environment and involves comparing the response of the pressure
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gauge to be calibrated to those of standard reference gauges. Once calibrated, the pressure gauge
is provided with an individual calibration response function, for example a calibration curve, lookup
table, or other types of calibration data relating its total thermal conductance Gioa to gas pressure p,
over a certain pressure range. This calibration response function may be stored in memory and
retrieved during operation of the pressure gauge 100 in order to convert thermal conductance

measurement data into pressure data.

[0057] It is also appreciated that, in principle, each pressure gauge fabricated on a wafer could be
individually calibrated. However, in practice, performing such individual calibration runs may be
costly, inefficient, or difficult to implement, as more than thousands of gauges may be fabricated on
a single wafer. As a trade-off approach, a calibration method may involve calibrating only a limited
number of gauges per wafer, typically between about 1% and about 30% of the gauges, in order to
obtain a set of individual calibration curves. The method then involves combining the individual
calibration curves to yield a mean or effective calibration curve, which is intended to be used by all

of the gauges of the wafer.

[0058] Referring to Fig. 3A, there is shown a graph depicting a set of thirteen calibration curves (open
circles) of Gigal Versus p obtained from measurements performed on thirteen micro-Pirani gauges
fabricated on the same wafer. Fig. 3A also depicts a mean calibration curve (solid line) obtained from
a combination of the thirteen individual calibration curves. This mean calibration curve is to be used
as the calibration curve by all of the gauges of the wafer for determining pressure from thermal
conductance measurements. Referring to Fig. 3B, which is a zoomed-in view of a low-pressure
region of Fig. 3A, it is appreciated that the individual calibration curves show significant deviations
from one another for pressures below 1072 Torr. As described in greater detail below, these
deviations may result from fabrication tolerances, which lead to geometrical parameters of the micro-
Pirani gauges that vary from place to place over the wafer. It has been found that these fabrication-
related deviations may lead to significant errors in the determination of gas pressure, as illustrated in
Fig. 4.

[0059] Fig. 4 is a graph depicting thirteen curves of estimated relative error in pressure
determination, plotted as functions of pressure. These error curves are associated with the thirteen
micro-Pirani gauges whose individual calibration curves are depicted in Fig. 3A. Each curve in Fig. 4
represents the estimated relative error in pressure determination resulting from the use of the mean
calibration curve of Fig. 3A for all of the gauges. Fig. 4 shows that the relative error increases rapidly
as the pressure decreases in the low-pressure range, where Gioa is dominated by Geoia, becoming

in some cases greater than 100% below 1072 Torr. In particular, Fig. 4 indicates that the use of a
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mean or effective calibration response function derived from a set of experimentally determined
individual calibration response functions associated with a corresponding set of gauges located at
different positions on a wafer may be detrimental to pressure measurement accuracy for any given

gauge.

[0060] Fabrication-related dimensional variations are unavoidable in microfabrication processes and
limit the performance of micromachined devices. Each fabrication step, such as deposition,
patterning, and etching, has associated tolerances. Fabrication tolerances lead to variations in
geometrical parameters and material properties, which in turn may lead to performance degradation.
For example, photolithography processes can cause deviations from nominal geometrical
parameters, and likewise for etching processes, due to over- and under-etching. Thin-film deposition
processes are also affected by fabrication variations related to variations in thickness and material
properties. In addition to being difficult to control and mitigate, ancother challenge with fabrication-
related dimensional variations is that they generally have a nonuniform spatial distribution over the
wafer area. This means that nominally identical devices fabricated at different wafer locations can

exhibit significant or at least non-negligible variations in fabrication deviations.

[0061] This is exemplified in Fig. 5, which is a contour plot of total thermal conductance
measurements made across a wafer of nominally identical Pirani gauges. The measurements were
made at very low pressure, in a regime where the total thermal conductance is expected to be
dominated by the solid thermal conductance. The gray scale represents the percent deviation of the
measured thermal conductance relative to the mean value measured across the wafer. Fig. 5 shows
that the total thermal conductance is not uniform across the wafer, with variations as high as 25%
between certain wafer areas. These local variations in total thermal conductance can be attributed in
large part to spatially dependent fabrication variation of the Pirani gauges, notably their support
structures. Furthermore, as noted above, the presence of such nonuniformities in the thermal
conductance can make the use of a mean or effective calibration response function detrimental to

pressure measurement accuracy.

[0062] Referring still to Fig. 5, it can also be seen that the nonuniformities in the thermal conductance
vary relatively slowly over the surface of the wafer. It follows that dimensional variations related to
the manufacturing tolerances (e.g., related to deposition, patterning, and etching) in micro-Pirani
gauges that are neighbors or closely spaced on the wafer can be expected to be substantially
identical or at least very similar to one another. In particular, this means that two nominally identical
micro-Pirani gauges that are adjacent to each other on the wafer would be expected, under

reasonable assumptions, to have substantially the same thermal conductance despite the
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unavoidable presence of fabrication-related dimensional variations. As will be described below, the
present techniques make use of the slowly varying nature of the spatial distribution of fabrication-
related dimensional variations to design multi-gauge pressure microsensors with enhanced

compensation of these variations.

[0063] Referring to Fig. 6, there is illustrated a possible embodiment of a heat-loss pressure
microsensor 200 for measuring a gas pressure in an environment 102. The heat-loss pressure
microsensor 200 generally includes a substrate 104 and a pair of pressure gauges 100;, 1002
exposed to the environment 102. The first and second pressure gauges 1004, 100, are arranged
proximate to each other on the substrate 104. Depending on the application, the pressure
microsensor 200 may or may not include a vacuum package 122 enclosing the pair of pressure

gauges 1004, 1002 thereinside.

[0064] In the present description, the term “proximate™ is intended to indicate that the spacing
between the individual gauges of any given pair of pressure gauges of the pressure microsensor on
the substrate is sufficiently small compared to the scale of the spatial nonuniformities of the
fabrication-related dimensional variations. As noted above, the fabrication-related dimensional
variations tend to vary slowly on the scale of typical distances between neighboring pressure gauges
fabricated on a same wafer. Thus, in a given embodiment, the pressure gauges of a pressure
microsensor can be said to be proximate to one another if they are located sufficiently close to one
another for them to have dimensional variations related to the fabrication tolerances that, although a
priori unknown, can be assumed to be substantially the same within tolerances that are acceptable
for the proper operation of this embodiment. For example, in some embodiments, the pressure
gauges of a pressure microsensor can be considered to be proximate to cne anocther if they are
separated by a center-to-center inter-gauge distance ranging from about 40 ym to about 500 pm,
although pressure gauges having inter-gauge distances falling outside this range may still be
considered proximate in other embodiments. It is appreciated that depending on the size, shape, and
arrangement of the pressure gauges, the edge-to-edge distance between two proximate pressure
gauges having a certain center-to-center inter-gauge distance will vary. For example, in some
implementations, the edge-to-edge distance between two proximate pressure gauges can be as
small as 5 um. It is also appreciated that in the present description, the term “proximate” may be used
interchangeably with terms such as “near”, “close”, “adjacent”, and “neighboring”, unless stated
otherwise.

[0065] The substrate 104 is a component of the pressure microsensor 200 that provides mechanical

support to the first and second pressure gauges 1004, 100.. As described above with respect to
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Fig. 1, the substrate 104 in Fig. 6 may be made of silicon (Si), silicon carbide (SiC), gallium arsenide

(GaAs), germanium (Ge), or another suitable material or combination of materials.

[0066] In one embodiment, the substrate 104 may be a die separated from a semiconductor wafer,
for example a silicon wafer. This is illustrated in Fig. 7A, which depicts a wafer 124 having a plurality
of pairs of pressure gauges 1004, 100, fabricated thereon. For simplicity, the wafer 124 in Fig. 7A
includes only sixteen pairs of pressure gauges 100;, 100;, although in practice, as many as
thousands of pressure gauge pairs could be fabricated on a single wafer. After the pairs of pressure
gauges 1004, 1002 have been fabricated on the wafer 124, the wafer 124 can be diced into a number
of individual dies, so each die constitutes an individual dual-gauge pressure microsensor 200, such
as the one depicted in Fig. 6. As noted above, such a pressure microsensor 200 may be incorporated
into vacuum-packaged MEMS and MOEMS devices such as uncooled microbolometer focal plane
arrays, or into analytical and processing equipment with integrated vacuum systems, such as thin-
film deposition apparatuses. Referring to Fig. 7B, in another embodiment, the substrate 104 may be
one of a number of dies separated from a wafer 124, where each individual die includes not only a
dual-gauge pressure microsensor 200, but also a MEMS 126 or any type of microdevices operating
in a vacuum environment, both of which enclosed in the same vacuum package to form a MEMS

device 128. Dice lines are represented as dashed lines in Figs. 7A and 7B.

[0067] Returning to Fig. 6, the first pressure gauge 1004 can include a first thermistor 1104 having an
electrical resistance Ry that varies with changes in its temperature T4, which temperature changes
can result from variations in gas pressure p in the environment 102; a first platform 106, configured
to receive the first thermistor 1104 in a spaced-apart relationship from the substrate 104; and a first
support structure 108, configured to hold the first platform 106, above the substrate 104. Similarly,
the second pressure gauge 100 can include a second thermistor 1102 having an electrical
resistance R: that varies with changes in its temperature T», which temperature changes can result
from variations in gas pressure p in the environment 102; a second platform 1062 configured to
receive the second thermistor 1102 in a spaced-apart relationship from the substrate 104; and a
second support structure 1082 configured to hold the second platform 1062 above the substrate 104.

[0068] It is appreciated that the structure, composition, and operation of the platforms 1064, 106-, the
support structures 1084, 1082, and the thermistors 1104, 1102 of the first and second pressure
gauges 1004, 1002 of Fig. 6 may be similar to those described above with respect to the platform 106,
the support structure 108, and the thermistor 110 of the pressure gauge 100 depicted in Fig. 1.
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[0069] In Fig. 6, each one of the first and second platforms 1064, 106, is embodied by a substantially
planar structure suspended above the substrate 104 and made of an electrically insulating,
mechanically self-supportive, and low-stress material, such as silicon nitride and silicon dioxide. In
particular, each one of the first and second platforms 1064, 106, is shaped as a rectangle, with lateral
dimensions x4 and y4, perimeter Py = 2(x4 + y1), and surface area S 1= x 1y, for the first platform 1084
and lateral dimensions x2 and y2, perimeter P, = 2(x2 + y»), and surface area Sz = x2y> for the second
platform 106;. The support structure 108 of the first pressure gauge 100, includes two arms 1184
extending outwardly from opposite edges of the platform 106,, each arm 118+ having a length /1, a
width w4, a thickness {1, and a cross-sectional area A 1+ = with, and two posts 1204 connecting the two
arms 1184 to the substrate 104. Likewise, the support structure 108, of the second pressure
gauge 100 includes two arms 118, extending outwardly from opposite edges of the platform 106z,
each arm 118z having a length 5, a width w», a thickness f;, and a cross-sectional area A > = wals,
and two posts 120; connecting the two arms 118, to the substrate 104. The first and second
thermistors 1104, 110; may each be made of any suitable resistive material having an electrical
resistance Ry, R: that varies with its temperature 74, 72, generally in a predictable and controllable
manner. For example, in one embodiment, the thermistors 1104, 110, may be made of vanadium
oxide (VOy). As discussed in greater detail below, the platforms 106, 106;, support
structures 1084, 108;, and thermistors 1104, 110, may assume a variety of shapes, dimensions, and

configurations to meet the requirements or preferences of a given application.

[0070] Referring still to Fig. 6, the first pressure gauge 1004 is configured to produce a first gauge
output signal, which may be an electrical signal (e.g., a voltage or current) related to or indicative of
the electrical resistance R of the first thermistor 110+. Likewise, the second pressure gauge 100; is
configured to produce a second gauge output signal, which may be an electrical signal (e.q., a voltage
or current) related to or indicative of the electrical resistance R: of the second thermistor 110.. Both
the first and second gauge output signals convey information about the gas pressure in the
environment 102. It is appreciated that by providing the first and second pressure gauges 1004, 1002
with different nominal geometries, the first and second gauge output signals can be different from
each other, such that a differential signal calculated or obtained from the measured first and second

gauge output signals can be used to determine the gas pressure in the environment 102.

[0071] Referring to Fig. 8, in one embodiment, the above-described dual-temperature pressure
measurement technique may be implemented to obtain the first and second gauge output signals. In
such a case, the first gauge output signal may be an electrical signal representative of a first amount
of applied electrical power AP.c 1 for varying the electrical resistance R1 of the first thermistor 1104
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between two resistance values corresponding to a change in a temperature 7, of the first
thermistor 1104 between two predetermined temperature values, T4 and Ta. Likewise, the second
gauge output signal may be an electrical signal representative of a second amount of applied
electrical power AP, > for varying the electrical resistance R» of the second thermistor 110, between
two resistance values corresponding to a change in a temperature T of the second thermistor 110,
between the same two predetermined temperature values T4 and Tz, for simplicity, or a different pair
of predetermined temperature values. For example, obtaining APq.c,1 may include iterative steps of
electrical power stimulation/adjustment and electrical resistance measurement to determine the
amounts of electrical power Pec1a and PFeecis Needed for the temperature 71 of the first
thermistor 1104 to reach Ta and T, respectively, where APeiec,1 = Pelec,18 — Pelec,1a. Likewise, obtaining
APec2 may include iterative steps of electrical power stimulation/adjustment and electrical resistance
measurement to determine the amounts of electrical power Peiec24a and Peec2s Needed for the
temperature T of the second thermistor 110; to reach Ta and Ts, respectively, where

APeiec2 = Pelec28 — Pelec,2a.

[0072] It is appreciated that various techniques may be used to determine the amounts of electrical
power Peec14 and Peec1g @associated with the first pressure gauge 1001 and the amounts of electrical
power Psiec2a and Psiec2s associated with the second pressure gauge 1002. For this purpose, the
pressure microsensor 200 may include an electrical readout circuit 112, which may be formed on, in,
or outside of the substrate 104. The electrical readout circuit 112 may be configured to measure, for
each one of the pressure gauges 1004, 1002 the changes in the electrical resistance of the respective
thermistor 1104, 1102 resulting from heat transfer to its surroundings, and to provide a gauge output
signal (e.g., a voltage or a current) representative of the measured changes in electrical resistance.
Each pressure gauge 1004, 1002 may include a respective electrode structure 1144, 114, configured
to electrically connect its thermistor 1101, 1102 to the electrical readout circuit 112. Depending on the
application, the components of the electrical readout circuit 112 associated with the first pressure
gauge 1001 may be identical to or different from the components associated with the second pressure
gauge 100;.

[0073] Returning to Fig. 6, the electrical readout circuit 112 may include an electrical power
supply 30, for example a voltage or a current source, configured to apply electrical power to the
thermistors 1104, 110.. The electrical power supply 130 may be configured to apply electrical
stimulations to the first thermistor 1104 to bring its temperature T (or equivalently its resistance R)
to certain predetermined values, and likewise for the second thermistor 110.. Depending on the
application, the electrical power supply 130 may be provided internally to the electrical readout
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circuit 112, as in Fig. 6, or externally thereto. The electrical power supply 130 may be embodied by
a single or a plurality of distinct source devices, which may or may not be the same for the first and
second pressure gauge 1004, 100.. The electrical readout circuit 112 may also include an electrical
measurement module 132 configured to monitor, either directly or indirectly, the electrical resistance
R, of the first thermistor 110+ in response to electrical stimulations applied by the electrical power
supply 130, and likewise for the electrical resistance R, of the second thermistor 110.. For example,
the electrical measurement module 132 may include a voltmeter, an ammeter, a wattmeter, an
ohmmeter or any other appropriate electrical measuring device, or a combination thereof. It is
appreciated that various structures, configurations, and methods of operation may be used for the
electrical readout circuit 112. Non-limiting examples are disclosed in co-assigned U.S. Pat.
Nos. 8,171,801 and 8,748,808.

[0074] From Eq. (4), the thermal conductances Giota,1(p) and Grotai2(p) of the first and second
pressure gauges 1004, 1002 may be calculated or otherwise determined from the electrical
measurements as Giotal1(P) = APeiec,//AT1 and Giota,2(P) = APeec2/AT2, respectively, where AT,
and AT, may or may not be the same. The values of Giota,1(p) and Gioti2(p) thus obtained can be
used to calculate or otherwise determine a differential signal AGiwi(p) of the dual-gauge pressure
microsensor 200, as follows:

AGiota1(P) = Giotal, 2 (P) — Giotal,1 (0)- (5)

[0075] The differential signal AGiwti(p) may then be used to determine the gas pressure p in the
environment 102, for example by referring to calibration data, for example a calibration curve or a
lookup table, relating AGiowi(p) to the gas pressure p over a certain pressure range.

[0076] For this purpose, the pressure microsensor 200 may further include or be connected to a
processing unit 116 configured to receive the first and second gauge output signals from the electrical
readout circuit 112 and process these signals in order to determine the differential signal and,
therefrom, the gas pressure in the environment 102. The processing unit 116 may also be operatively
coupled to the other components of the pressure microsensor 200, for example the electrical power
supply 130 and the electrical measurement module 132 of the electrical readout circuit 112, to control
and coordinate, at least partly, their operation. The processing unit 116 may be provided within one
or more general purpose computers and/or within any other suitable computing devices. The
processing unit 116 may be implemented in hardware, software, firmware, or any combination

thereof, and connected to other components of the pressure microsensor 200, for example the
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electrical readout circuit 112, via appropriate wired and/or wireless communication links and ports.
Depending on the application, the processing unit 116 may be integrated to, partly integrated to, or
distinctly separate from the electrical readout circuit 112. The processing unit 116 may implement
operating systems and may be able to execute computer programs. It is appreciated that the term
“processing unit” should not be construed as being limited to a single processor, and accordingly,
any known processor architecture may be used. For example, the processing unit 116 may include
or be part of a computer; a microprocessor; a microcontroller; a digital signal processor (DSP) running
on a system on a chip (SoC); a single-board computer (SBC); a special-purpose programmable logic
device embodied in hardware device, such as a field-programmable gate array (FPGA); and/or any
other suitable devices configured to electronically process information and to operate collectively as

a processing unit.

[0077] The pressure microsensor 200 may further include or be connected to a memory 134 capable
of storing computer programs and other data to be retrieved by the processing unit 116, for example
a calibration curve or a lookup table for a calibration curve or a lookup table for the differential signal
AGioa as a function of pressure. The memory 134 may be embodied by any suitable type of computer
data storage device or assembly of such devices, including random-access memories (RAMs), read-
only memories (ROMS), magnetic and optical storage devices, flash drive memories; and/or other
non-transitory memory technologies. A plurality of such storage devices may be provided, as can be

appreciated by those skilled in the art.

[0078] It is appreciated that other embodiments may measure or obtain the first and second gauge
output signals, and calculate or determine therefrom the differential signal, based on techniques
different from the dual-temperature pressure measurement technique mentioned above. In such a
case, the structure, configuration, and operation of the electrical readout circuit 112, processing
unit 116, and memory 134 may be adapted in accordance with the specific technique used for

pressure measurement.

[0079] It is also appreciated that the differential signal obtained from the first and second gauge
output signals may be a simple subtraction, or a more complex differential function from which a
difference between the first and second gauge output signals may be evaluated or ascertained. For
example, a subtraction between the first and second output gauge signals could be scaled and/or
the first and second output gauge signals could be scaled prior to being subtracted one from the
other. Furthermore, it is noted that the expression “a differential signal obtained from the first and
second gauge output signals” is intended to encompass both scenarios where the differential signal

is obtained solely from the first and second gauge output signals (e.g., by subtracting one from the
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other) and scenarios where additional gauge output signals are used along with the first and second
gauge output signals to obtain the differential signal (e.g., by using four gauge output signals, as

described below).

[0080] As will now be described, by designing the first and second pressure gauges 1004, 100 in
5 accordance with certain geometrical design rules, and based on the assumption that the
gauges 1004, 100; suffer from substantially the same fabrications variations, the differential signal
AGwowmi(p) may be made less sensitive to the fabrication tolerances than either of Gical,1(p) and

Gictal2(p)-

[0081] Fig. © is a schematic top view of the pressure microsensor 200 of Fig. 6, depicting the
10  platforms 10641, 1062 and the support structures 108+, 1082 of the first and second pressure
gauges 1004, 1002. In Fig. 9, solid lines correspond to nominal dimensions (i.e., x1, y1 and xa, y» for
the first and second platforms 1064, 1062, and /i, wy and /z, w» for the first and second support
structures 1084, 108>), while dashed lines correspond to dimensional tolerances +a¢ and *a, related
to the fabrication process of the first and second pressure gauges 1004, 100z, for example due to
15  under-etching (+a:1 and +a.) or over-etching (—a: and —a.). As noted above, because the first and
second pressure gauges 1004, 100, are proximate to each other on the substrate 104, their
fabrication-related dimensional variations ta; and za., although a priori unknown, may be considered
to be the same. That is, it is assumed that ta; = +a, = +a, as is denoted in Fig. 9. For example, in
some embodiments, the fabrication tolerances ta due to under-etching and over-etching and

20 patterning tolerances may be of the order of about 5% to about 20% of the nominal dimensions.

[0082] From Eg. (2), and assuming that G« can be neglected compared to Gsoic and Ggas, the total
thermal conductance Gutal,i Of either of the gauges 1004, 100, depicted in Figs. 6 and 9 may be written

as follows:

Giotali (P) = Gsoiig;i + Ggas,i(P)
®)

A;
= Ksolid (L_l) + kgas(P)S:,

where i = 1 or 2, kel is the effective thermal conductivity of the support structure 108;, kgas(p) is a

25  factor that depends, inter alia, on the pressure p and thermal conductivity of the gas in the
environment 102 and the height of the platform 106, above the substrate 104, and L, is the effective
length of the thermal conductivity path defined by the support structure 108; between the
platform 106; and the substrate 104. In Eq. (6), keia and kgas(p) are assumed to be nominally the

same for the two gauges.
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[0083] Using A;= (w; £ 2a)f;, Li= 2(li ¥ 2a;)), and S; = (xi+ 2a)(y; £ 2a)), and assuming that a;= a and
ti=t, Eq. (6) becomes

ksolidt) (wi £ 2a)

o (@) = (“55) | T | + Kons DL £ 200y, % 20)]. @)

[0084] By substituting Eq. () into Eq. (5) and rewriting Eq. (5) as the sum of two terms,
AGsoiid = (Gsoiia,2 — Gsolig, 1), related to solid thermal conduction, and AGgas(p) = [Ggas,2(p) — Ggas,1(P)],
5 related to gas thermal conduction, the following equations can be obtained for AGeoiq and AGgas(p),

which depend on the fabrication tolerance za:

(wz £ 2a) (W x2a)
(LF2a) (4 F2a)

Ksoligt
AGsoliq = ( Sghd )

(C))

_ (kSO“dt) l1W2 - lel ¥ Za(lzfll + Wy — W1)
S\ 2 (I, F 2a)(1, F 2a) ’

AGgas(p) = kgas(p)[(xz +2a)(y2 + 2a) — (x1 + 2a)(y1 £ 2a)]

)
= kgas(p)[XZJ’Z —x1y1 £ 2a(x; + ¥, —x; — vl

[0085] It can be found that the factors that multiply +2a will vanish in Egs. (8) and (9) by enforcing

two design rules.

[0086] The first design rule is to provide the first and second pressure gauges 1004, 100- with support
10 structures 1084, 108; having the same nominal geometry, so that /1=, and ws = ws, leading to
Gesolid 1 = Gisolid, 2, and thus AGsaia = 0 in Eq. (8). It is appreciated that the expression “having the same
nominal geometry” is understood to mean that the nominal geometry of the first support
structure 108, and the nominal geometry of the second support structure 108, are configured or
designed to be substantially the same, that is, the same within tolerances that are acceptable for the
15 proper operation of a particular embodiment. Furthermore, under the assumption that the first and
second pressure gauges 1004, 100; are sufficiently close to each other to suffer from the same
fabrication-related dimensional variations, their nominally identical support structures 1084, 108, may

also be assumed to be actually identical.

[0087] The second design rule is to provide the first and second pressure gauges 1004, 1002 with
20 platforms 1064, 106; having equal nominal perimeters but different nominal surface areas, so that in
Eq. (9) the term t2a(x; + y2 — X1 — y1) vanishes while the term (x1y1 — xuy2) does not. It is appreciated
that the expression “having equal nominal perimeters” is understood to mean that the perimeter of

the first platform 1061 and the perimeter of the second platform 108, are configured or designed to
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be substantially the same, that is, the same within tolerances that are acceptable for the proper
operation of a particular embodiment. Furthermore, under the assumption that the first and second
pressure gauges 1004, 100, are sufficiently close to each other to suffer from the same fabrication-
related dimensional variations, the perimeters of their platforms 1064, 106, may be assumed to be

not only nominally identical, but also actually identical.
[0088] VWhen these two design rules are enforced, Eq. (5) reduces to the following expression:
AGiota|(p) = AGgas(P) = kgas(P) (%22 — X1V1). (10)

[0089] Eq. (10) indicates that the differential signal AGwwi(p) from which the gas pressure p may be
determined becomes simply proportional to the difference between the nominal surface areas x1y4
and x2y» of the platforms 106, 106, of the first and second pressure gauges 1004,100,. In some
embodiments, the nominal surface areas of the first and second platforms 1061, 1062 may range from
about 100 um? to about 100,000 um?, although values outside this range may be used in other

embodiments.

[0090] As can be appreciated, the differential signal AGiw(p) in Eq. (10) may be made substantially
independent of the a priori unknown fabrication-related dimensional variations that may affect the
geometry of the platforms 1064, 106; (e.g., X1 and y4 for the first platform 1084, and x> and y- for the
second platform 106;) and the geometry of the support structures 1084, 108; (e.g., /1, w4, and t; for
the first support structure 1084, and , w2, and #; for the second support structure 108;). As such, the
differential signal AGwa(p) of the pair of pressure gauges 1004, 1002 may be less sensitive to
fabrication-related dimensional variations than either of the signals Gigiai,1 @nd Gieaiz Obtained from

the individual pressure gauges 1004, 100..

[0091] As a result, it may be possible to calibrate a large number {e.g., up to thousands or more) of
nominally identical pairs of adjacent pressure gauges fabricated on the same wafer (see, e.g.,
Figs. 7A and 7B) by calibrating only a single one of the pairs. This is despite the fact that gauge pairs
located far from one another on a same wafer may suffer from different fabrication-related
dimensional variations. The calibration of a single gauge pair can involve a determination of a
calibration curve or a lookup table relating the differential thermal conductance AGii(z) of the pair
as a function of gas pressure p over a certain pressure range. This single-pair calibration curve or
lockup table may then be used by all of the pairs fabricated on the wafer, even though the gauge
pairs may be used in different and unrelated devices, systems, or applications after the dicing of the

wafer into individual dies.
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[0092] In some embodiments, rather than using a single-pair calibration curve, individual calibration
curves from a reduced number of gauge pairs located at various places on a wafer may be
determined and then combined to yield a mean or effective calibration curve, which may then be
used by all of the gauge pairs of the wafer. In such embodiments, the use of a mean or effective
calibration curve may provide reduced sensitivity to fabrication tolerances compared to a mean or
effective calibration curve obtained by combining single-gauge calibration curves of individual gauges

located at different places on the wafer, such as the one depicted in Figs. 3A and 3B.

[0093] It is to be noted that the term kgas(p) depends, among other parameters, on the gap between
the suspended platform 10641, 1062 and the underlying substrate 104 (see, e.g., co-assigned U.S.
Pat. No. 8,171,801). Thus, the differential signal AG(p) in Eq. (10) will generally depend on the
fabrication tolerances associated with the platform gap. In practice, however, the platform gap is a
relatively well-controlled fabrication parameter, such that the fabrication-related dimensional
variations affecting the platform gap may often be assumed not to vary substantially from place to
place on a wafer. In such a case, a calibration curve or a lookup table for the differential signal
AGiowi(p) of a given pair of neighboring pressure pairs may still be validly used for other gauge pairs
on the wafer. Furthermore, if the gas pressure is sufficiently low, for example if it is less than about
0.1 Torr, the dependence on the platform gap in the term kyas(p) may be safely neglected. In such a
case, the differential signal AGww(p) in Eq. (10) may be effectively assumed to be independent of

wafer position, irrespective of fabrication-related dimensional variations affecting the platform gap.

[0094] In Figs. 6 and 9, the first and second platforms 1064, 1062 are shaped as two rectangles of
dimensions x1, y1 and xz, y», respectively, which have the same nominal perimeters but different
nominal surfaces areas, that is, 2(x1 + y1) = 2(x2 + y2) and x1y1 # X2)2. It is appreciated that for a
rectangular platform having a nominal perimeter 2(x; + yi), the largest nominal surface x;y; occurs

when x; = y; = z;, that is, for a square platform, as illustrated for the gauge 100: in Fig. 10.

[0095] Fig. 10 is another embodiment of a heat-loss dual-gauge pressure microsensor 200 having a
first pressure gauge 1004 and a second pressure gauge 100, arranged proximate to each other on a
substrate 104. Each pressure gauge 1004, 1002 includes a platform 1064, 1062, and support
structure 1084, 108,, and a thermistor 1104, 110, which can be similar to those described above with
respect to Figs. 1, 6, and 9. In Fig. 10, the platform 108, of the first pressure gauge 1004 is shaped
as a rectangle of dimensions x1, y1, with x4# y4, and the platform 106, of the second pressure
gauge 100; is shaped as a square of side length z2. Also, the first and second pressure
gauges 1004, 100; are fabricated to obey the above-described design rules, such that their support

structures 1084, 108, are configured to have the same nominal geometry and their
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platforms 1064, 106, are configured to have the same nominal perimeters, that is, 4z, = 2(x1 + y1),
but different nominal surface areas, that is, z22 # xqy4. In this case, the ratio Ra... Of the nominal
platform area xiy4 of the first platform 108, to the nominal platform area z;*> of the second

platform 108, can be written as follows:

X1Y1 _ x4
Z% (1 + 3’1)2J

Rarea = (11
where the value of Rarea is always less than one, the closer to one Rarea iS, the more similar x4 and y;

are.

[0096] It is appreciated that besides rectangular (including square) shapes, the first and second
platforms 1064, 106, can have a variety of shapes that satisfy the design rule of equal perimeters and
different areas. Non-limiting examples of other possible platform shapes include polygonal, circular,
and elliptical shapes. Referring to Figs. 11A to 11E, there are depicted five possible examples of
unmatched pairs of platform shapes having the same perimeters but different surface areas. It is
appreciated that in the case of a platform having one or more holes therein, such as the platform 1086,
in Fig. 11E, the perimeter to be considered in the design rule is the sum of the outer perimeter of the

platform and the perimeter of the hole or of each hole.

[0097] Referring to Fig. 12, there is illustrated another embodiment of a heat-loss pressure
microsensor 200 for measuring a gas pressure in an environment 102. The heat-loss pressure
microsensor 200 generally includes a substrate 104 and four pressure gauges 1004, 1002, 1003, 1004

exposed to the environment 102.

[0098] The substrate 104 is a component of the pressure microsensor 200 that provides mechanical
support to the four pressure gauges 1004-1004. The structure and composition of the substrate 104
may be similar to those described above with respect to Figs. 1 and 6. As mentioned above with
respect to Fig. 6, the substrate 104 in Fig. 12 may be one of a plurality of dies separated from a
semiconductor wafer, where each one of the separated dies may be used to form an individual four-
gauge pressure microsensor 200, such as the one depicted in Fig. 12. Such a four-gauge pressure
microsensor 200 may be incorporated in vacuum-packaged MEMS and MOEMS devices, in
analytical and processing equipment with integrated vacuum systems, or in any other suitable

applications.

[0099] The four pressure gauges 1004-1004 are arranged proximate to each other on the

substrate 104. As noted above, the term “proximate” is used herein to indicate that the distance
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separating any pair of gauges among the four pressure gauges 1004-1004 is small compared to the
scale of spatial nonuniformities in the fabrication tolerances, such that the fabrication-related
dimensional variations affecting the four pressure gauges 1004-1004 in the embodiment of Fig. 12
can be assumed to be substantially the same within tolerances that are acceptable for the proper
operation of this embodiment. For example, the four pressure gauges 100+-1004 may be arranged
on the substrate 104 in two rows and two columns (2x2 array) and may be separated from one
another by center-to-center inter-gauge distances ranging from about 40 pm to about 500 pm.
However, various other arrangements of the four pressure gauges 100:-1004 on the substrate 104
are possible. Non-limiting examples include a 1x4 array, a 4x1 array, and any other suitable regular

or irregular configurations.

[0100] In Fig. 12, each of the four pressure gauges 1004-1004 can include a thermistor 1104-1104
having an electrical resistance R-R4 that varies with changes in its temperature T4- T4, which
temperature changes can result from variations in gas pressure p in the environment 102; a
platform 1064-1064 configured to receive the thermistor 1104-1104 in a spaced-apart relationship from
the substrate 104; and a support structure 1084-1084 configured to hold the platform 1064-1064 above
the substrate 104. Each of the four pressure gauges 1001-1004 is also configured to produce a
respective gauge output signal, which may be an electrical signal (e.g., a voltage or current) related
to or indicative of the electrical resistance R1-R4 of its thermistor 1104-1104. The four gauge output
signals all convey information about the gas pressure in the environment 102. It is appreciated that
the structure, composition, and operation of the platforms 1064-1064, the support structures 108+-
1084, and the thermistors 11041-1104 of the four pressure gauges 10011004 in Fig. 12 may be similar
to those described above.

[0101] Based on the assumption that the four pressure gauges 1004-1004 are sufficiently close to
one another to suffer from substantially the same fabrication-related dimensional variations, the four
pressure gauges 1004-1004 are configured to obey certain geometrical design rules to reduce the
sensitivity of the four-gauge pressure microsensor 200 to fabrication tolerances. The first design rule
is that the first pressure gauge 1001 and the third pressure gauge 1003 be nominally identical to each
other. The second design rule is that the second pressure gauge 100, and the fourth pressure
gauge 1004 be nominally identical to each other. The third design rule is to provide the support
structures 1081, 1083 of the first and third pressure gauges 1001, 100: with the same nominal
geometry as the support structures 108;, 1084 of the second and fourth pressure gauges 1002, 1004.
The fourth design rule is to provide the platforms 106., 1065 of the first and third pressure
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gauges 1004, 100; with the same nominal perimeters but different nominal surface areas than the

platforms 106;, 1064 of the second and fourth pressure gauges 1002, 100.4.

[0102] It is appreciated that by providing the first and third pressure gauges 1004, 100; with a first
geometry and the second and fourth pressure gauges 100,-100; with a second geometry, which is
different from the first geometry, the four-gauge pressure microsensor 200 may be configured to
produce a differential signal from a first combined output signal and a second combined output signal,
where the first combined output signal is obtained from a combination of the first and third gauge
output signals, and the second combined output sighal is obtained from a combination of the second
and fourth gauge output signals.

[0103] Furthermore, the four-gauge pressure microsensor 200 of Fig. 12 is configured to implement

a dual-temperature pressure measurement technique such as described above.

[0104] The four pressure gauges 1004-1004 may be configured to operate as follows, with reference
to Fig. 13. The first and the second pressure gauges 1004, 100; may be configured for operation at
a first temperature 7Ta1 and Ta2, while the third and fourth pressure gauges 1003 1004 may be
configured for operation at a second temperature Ts3 and Tga4, different from Taq and Taz,
respectively. It is assumed hereinbelow that Ta1= Taz2 = Taand Tz = Tga = Tg # Ta, although other
embodiments may have T4, different fromTa 2 and/or Tg 3 different from T 4. The first gauge output
signal may be representative of the amount of applied electrical power Pgec1 Needed to bring the
temperature T4 of the first thermistor 1104 to T4, while the second gauge output signal may be
representative of the amount of applied electrical power Peies2 Needed to bring the temperature T of
the second thermistor 110, to Ta. Furthermore, the third gauge output signal may be representative
of the amount of applied electrical power Pe.ecz Needed to bring the temperature 75 of the third
thermistor 1103 to Ts, while the fourth gauge output signal may be representative of the amount of
applied electrical power Peeo.4 needed to bring the temperature 74 of the further second
thermistor 1104 to Ts. As noted above with respect to Fig. 8, the determination of each one of the
electrical power amounts Peec1 10 FPeaecs Mmay include iterative steps of electrical power
stimulation/adjustment and electrical resistance measurement until the target thermistor
temperature T4 or Tz is reached. It is appreciated that the pressure microsensor 200 of Fig. 12 may
include an electrical readout circuit 112 to perform the electrical measurements needed to determine
Poiec,1 t0 Poiec,a. The electrical readout circuit 112 used in Fig. 12 may be similar to those described

above.
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[0105] Once the amounts of electrical power Peiec,1 t0 Peiec,4 have been determined, they may be used
to provide the first and the second combined output signals. In one embodiment, the first and second
combined output signals may correspond to thermal conductances Gictal.comb,1(P) and Giotal,comb,2(P)
and may be obtained from Eq. (4) as follows:

Pelec 3 — Pelec, 1
Gtotal,comb,1 (p) = < e;-. — Te =< ) (12)
B A

Pelec 4 — Pelec,2
Giotal,comb,2 (P) = %- (13)

5 [0106] Once the first and second combined output signals Giotalcomb1 @nd Giotalcomb2 have been
determined, they may be used to determine a differential signal AGiaa{p) of the four-gauge pressure
microsensor 200, as follows:

AGtotal(p) = Gtotal,combz (p) - Gtotal,combl (p) (14)

The differential signal AGica(p) may then be used to determine the gas pressure p in the
environment 102, for example by referring to a calibration curve or a lookup table relating AGioai(p)

10 to gas pressure p, over a certain pressure range.

[0107] The pressure microsensor 200 of Fig. 12 may include or be connected to a processing
unit 116, which may be configured to perform, inter alia, one or more of the following steps: receiving
the four gauge output signals from the electrical readout circuit 112; obtaining the first combined
output signal from the first and third gauge output signals and the second combined cutput signal
15  from the second and fourth gauge output signals; obtaining the differential signal from the first and
second combined output signals; and determining the pressure from the differential signal, for
example by retrieving a calibration response function stored in memory 134 connected to the
processing unit 116. The processing unit 116 used in Fig. 12 may be similar to those described

above.

20 [0108] It is appreciated that since that the first and third pressure gauges 1004, 100z are nominally
identical, and likewise for the second and fourth pressure gauges 1002, 1004, Eq. (14) may be
reduced to Eq. (10), in which x1y; corresponds to the surface area of both the first and third
platforms 1064, 1063 and xuy> corresponds to the surface area of both the second and fourth
platforms 1062, 1064.
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[0109] It is also appreciated that by implementing a dual-temperature pressure measurement
technique with a pressure microsensor 200 having a four-gauge configuration rather than a dual-
gauge configuration, the electrical measurements associated with the first temperature T4 and the
electrical measurements associated with the second temperature Tz may be performed at the same
time rather than one after the other. In addition to reducing the measurement time, using a four-
gauge configuration may help ensuring that the electrical measurements associated with the first
temperature T4 and the electrical measurements associated with the second temperature Tz are

carried out under substantially the same radiative environment.

[0110] Itis noted that while the embodiments described above referred to dual-gauge and four-gauge
pressure microsensors, multi-gauge pressure microsensors including three or more than four

pressure gauges may also be contemplated to implement the present techniques.

[0111] In accordance with another aspect of the present techniques, there is disclosed a method for
measuring a gas pressure in an environment. The method may be implemented using a heat-loss
pressure microsensor such as those described above, or another suitable multi-gauge pressure

Sensor.

[0112] The method may include a step of providing a first pressure gauge and a second pressure
gauge in a proximate relationship on a substrate. For example, this step may involve arranging the
first pressure gauge and the second pressure gauge spaced apart from each other by a center-to-
center inter-gauge distance ranging from about 40 um to about 500 um. The first and second
pressure gauges may each include a thermistor having an electrical resistance that varies in
accordance with the gas pressure in the environment, a platform configured to receive the thermistor,
and a support structure configured to hold the platform above the substrate. The two platforms may
be configured to have equal nominal perimeters but different nominal surface areas, while the two
support structures may be configured to have a same nominal geometry. By way of example, in one
embodiment the platform of one of the first and second pressure gauges has a square shape, while
the platform of the other one of the first and second pressure gauges has a rectangular shape. As
noted above, the application of such design rules may allow the gas pressure to be determined with

reduced sensitivity to fabrication-related dimensional variations.

[0113] The method may also include a step of measuring a first gauge output signal and a second
gauge output signal, which are indicative of the electrical resistance of the thermistor of the first and
second pressure gauges, respectively. In one embodiment, the step of measuring the first gauge

output signal may include relating the first gauge output signal to an amount of electrical power for
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varying the electrical resistance of its thermistor between two resistance values corresponding to a
change in its thermistor's temperature between two temperature values. Likewise, the step of
measuring the second gauge output signal may include relating the second gauge output signal to
an amount of electrical power for varying the electrical resistance of its thermistor between two
resistance values corresponding to a change in its thermistor’'s temperature between the two

temperature values.

[0114] The method may also include a step of obtaining a differential signal from the first and second
gauge output signals, and a step of determining the gas pressure in the environment from the

differential signal.

[0115] In one embodiment, the method may further include a step of providing a third pressure gauge
and a fourth pressure gauge on the substrate in a proximate relationship with each other and with
the first and second pressure gauges. Each one of the third and fourth pressure gauges may include
a thermistor having an electrical resistance that varies in accordance with the gas pressure in the
environment, a platform configured to receive the thermistor, and a support structure configured to
hold the platform above the substrate. The third and fourth pressure gauge may be configured to be
substantially identical to the first and second pressure gauges, respectively. The method may further
include a step of measuring a third gauge output signal and a fourth gauge output signal indicative
of the electrical resistance of the thermistor of the third and fourth pressure gauges, respectively. In
this embodiment, the first and second gauge output signals may be associated with a first thermistor
temperature, while the third and fourth gauge output signals may be associated with a second
thermistor temperature, different from the first thermistor temperature. Furthermore, the step of
obtaining the differential signal may include obtaining a first combined output signal from the first and
third gauge output signals, obtaining a second combined output signal from the second and fourth
gauge output signals, where the first and second combined output signals are related to a difference
between the first and second thermistor temperatures, and determining the differential signal from

the first and second combined output signals.

[0116] Of course, numerous modifications could be made to the embodiments described above

without departing from the scope of the appended claims.
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CLAIMS

1. A heat-loss pressure microsensor for measuring a gas pressure in an environment, comprising:

a substrate;

a first pressure gauge arranged on the substrate, the first pressure gauge comprising: a first
thermistor having an electrical resistance that varies in accordance with a temperature of the
first thermistor, the temperature of the first thermistor being responsive to the gas pressure in
the environment; a first platform configured to receive the first thermistor; and a first support
structure configured to suspend the first platform above the substrate, wherein the first
pressure gauge is configured to produce a first gauge output signal related to the electrical
resistance of the first thermistor; and

a second pressure gauge arranged on the substrate proximate to the first pressure gauge, the
second pressure gauge comprising: a second thermistor having an electrical resistance that
varies in accordance with a temperature of the second thermistor, the temperature of the
second thermistor being responsive to the gas pressure in the environment; a second platform
configured to receive the second thermistor; and a second support structure configured to
suspend the second platform above the substrate, wherein the second pressure gauge is
configured to produce a second gauge output signal related to the electrical resistance of the
second thermistor,

wherein the first platform and the second platform are configured to have equal nominal perimeters
and different nominal surface areas,

wherein the first support structure and second support structure are configured to have a same
nominal geometry, and

wherein a differential signal obtained from the first and second gauge output signals conveys

information about the gas pressure in the environment.

2. The heat-loss pressure microsensor of claim 1, wherein the first and second pressure gauges are
spaced apart from each other by a center-to-center inter-gauge distance ranging from about 40 um
to about 500 pm.

3. The heat-loss pressure microsensor of claim 1 or 2, wherein the first and second platforms each
have a square shape, a rectangular shape, a polygonal shape, a circular shape, or an elliptical shape.

4. The heat-loss pressure microsensor of any one of claims 1 to 3, wherein one of the first and second
platforms has a square shape and the other one of the first and second platforms has a rectangular

shape.
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5. The heat-loss pressure microsensor of any one of claims 1 to 4, wherein the first and second
support structures each comprise a plurality of support arms connected to the first platform and the

second platform, respectively.

6. The heat-loss pressure microsensor of any one of claims 1 to 5, wherein the first and second
thermistors are each made of a vanadium oxide material, an amorphous silicon material, or a titanium
oxide material.

7. The heat-loss pressure microsensor of any one of claims 1 to 6, wherein the first gauge output
signal is representative of a first amount of electrical power for varying the electrical resistance of the
first thermistor between two resistance values corresponding to a change in the temperature of the
first thermistor between a first pair of temperature values, and wherein the second gauge output
signal is representative of a second amount of electrical power needed for varying the electrical
resistance of the second thermistor between two resistance values corresponding to a change in the

temperature of the second thermistor between a second pair of temperature values.

8. The heat-loss pressure microsensor of claim 7, wherein the temperature values of the first pair are
substantially the same as the temperature values of the second pair.

9. The heat-loss pressure microsensor of any one of claims 1 to 8, further comprising:
an electrical readout circuit electrically connected to the first thermistor and the second thermistor
and configured to measure the first gauge output signal and the second gauge output signal;
and
a processing unit operatively connected to the electrical readout circuit and configured to receive
the first gauge output signal and the second gauge output signal measured by the electrical
readout unit, obtain the differential signal from the first and second gauge output signals, and

determine the gas pressure in the environment from the differential signal.

10. The heat-loss pressure microsensor of claim 9, wherein the processing unit is configured to
determine the differential signal by calculating a difference between a first thermal conductance,
associated with the first pressure gauge and derived from the first gauge output signal, and a second
thermal conductance, associated with the second pressure gauge and derived from the second

gauge output signal.

11. The heat-loss pressure microsensor of claim 10, wherein the processing unit is configured to
determine the gas pressure in the environment from the differential signal by comparing the
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differential signal with calibration data relating a differential thermal conductance parameter of the

heat-loss pressure microsensor to gas pressure.

12. The heat-loss pressure microsensor of any one of claims 1 to 6, further comprising:

a third pressure gauge arranged on the substrate proximate to the first pressure gauge and the
second pressure gauge, the third pressure gauge comprising: a third thermistor having an
electrical resistance that varies in accordance with a temperature of the third thermistor, the
temperature of the third thermistor being responsive to the gas pressure in the environment;
a third platform configured to receive the third thermistor; and a third support structure
configured to suspend the third platform above the substrate, wherein the third pressure
gauge is configured to produce a third gauge output signal related to the electrical resistance
of the third thermistor, and wherein the third pressure gauge being configured to be
substantially identical to the first pressure gauge; and

a fourth pressure gauge arranged on the substrate proximate to the first pressure gauge, the
second pressure gauge, and the third pressure gauge, the fourth pressure gauge comprising:
a fourth thermistor having an electrical resistance that varies in accordance with a
temperature of the fourth thermistor, the temperature of the fourth thermistor being responsive
to the gas pressure in the environment; a fourth platform configured to receive the fourth
thermistor; and a fourth support structure configured to suspend the fourth platform above the
substrate, wherein the fourth pressure gauge is configured to produce a fourth gauge output
signal related to the electrical resistance of the fourth thermistor, and wherein the fourth
pressure gauge being configured to be substantially identical to the second pressure gauge,
and

wherein the first, second, third, and fourth gauge output signals are associated with respective
first, second, third, and fourth temperature values of the first, second, third, and fourth
thermistors, the first and third temperature values being different from each other, and the
second and fourth temperature values being different from each other, and

wherein the differential signal is obtained from a first combined output signal obtained from the
first and third gauge output signals and from a second combined output signal obtained from

the second and fourth gauge output signals.

13. The heat-loss pressure microsensor of claim 12, wherein the first and second temperature values
are substantially the same and the third and fourth temperature values are substantially the same.
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14. The heat-loss pressure microsensor of claim 12 or 13, wherein the third and fourth pressure
gauges are spaced apart from each other and from the first and second pressure gauges by inter-

gauge distances ranging from 40 um to 500 pm.

15. The heat-loss pressure microsensor of any one of claims 12 to 14, further comprising:
an electrical readout circuit electrically connected to the first, second, third, and fourth thermistors,
the electrical readout circuit being configured to measure the first, second, third, and fourth
gauge output signals; and
a processing unit operatively connected to the electrical readout circuit and configured to receive
the first, second, third, and fourth gauge output signals measured by the electrical readout
unit, obtain the differential signal from the first, second, third, and fourth gauge output signals,

and determine the gas pressure in the environment from the differential signal.

16. A method for measuring a gas pressure in an environment, comprising:

providing a first pressure gauge and a second pressure gauge in a proximate relationship on a
substrate, each one of the first and second pressure gauges comprising a thermistor having
an electrical resistance that varies in accordance with a temperature of the thermistor, the
temperature of the thermistor being responsive to the gas pressure in the environment, a
platform configured to receive the thermistor, and a support structure configured to suspend
the platform above the substrate, wherein the two platforms are configured to have equal
nominal perimeters and different nominal surface areas, and the two support structures are
configured to have a same nominal geometry;

measuring a first gauge output signal and a second gauge output signal indicative of the electrical
resistance of the thermistor of the first and second pressure gauges, respectively;

obtaining a differential signal from the measured first and second gauge output signals; and

determining the gas pressure in the environment from the differential signal.

17. The method of claim 16, wherein obtaining the differential signal comprises:
deriving, from the first gauge output signal, a first thermal conductance associated with the first
pressure gauge;
deriving, from the second gauge output signal, a second thermal conductance associated with the
second pressure gauge; and
calculating the differential signal as a difference between the first thermal conductance and the

second thermal conductance.
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18. The method of claim 16 or 17, wherein providing the first pressure gauge and the second pressure
gauge comprises arranging the first pressure gauge and the second pressure gauge spaced apart
from each other by a center-to-center inter-gauge distance ranging from about 40 um to
about 500 um.

19. The method of any one of claims 16 to 18, wherein measuring the first gauge output signal
comprises relating the first gauge output signal to an amount of electrical power for varying the
electrical resistance of the thermistor of the first pressure gauge between two resistance values
corresponding to a change in the temperature of the thermistor of the first pressure gauge between
a first pair of temperature values, and wherein measuring the second gauge output signal comprises
relating the second gauge output signal to an amount of electrical power for varying the electrical
resistance of the thermistor of the second pressure gauge between two resistance values
corresponding to a change in the temperature of the thermistor of the second pressure gauge

between a second pair of temperature values.

20. The method of any one of claims 16 to 18, further comprising:

providing a third pressure gauge and a fourth pressure gauge on the substrate in a proximate
relationship with each other and with the first and second pressure gauges, each one of the
third and fourth pressure gauges comprising a thermistor having an electrical resistance that
varies in accordance with a temperature of the thermistor, the temperature of the thermistor
being responsive to the gas pressure in the environment, a platform configured to receive the
thermistor, and a support structure configured to suspend the platform above the substrate,
wherein the third and fourth pressure gauges are configured to be substantially identical to
the first and second pressure gauges, respectively; and

measuring a third gauge output signal and a fourth gauge output signal indicative of the electrical
resistance of the thermistor of the third and fourth pressure gauges, respectively,

wherein the first, second, third, and fourth gauge output signals are associated with respective
first, second, third, and fourth temperature values of the first, second, third, and fourth
thermistors, the first and third temperature values being different from each other, and the
second and fourth temperature values being different from each other, and

wherein obtaining the differential signal comprises obtaining a first combined output signal from
the measured first and third gauge output signals, obtaining a second combined output signal
from the measured second and fourth gauge output signals, and determining the differential

signal from the first and second combined output signals.
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CA App. No.: 3170485

Abstract:

A heat-loss pressure microsensor for measuring a gas pressure is disclosed that includes a plurality
of pressure gauges arranged proximate to one another on a substrate. The gauges may include a pair
of gauges, each gauge including a thermistor having an electrical resistance that varies with its
temperature, the thermistor's temperature being responsive to the gas pressure, a platform to receive
the thermistor, and a support structure to hold the platform above the substrate. Each gauge may be
configured to produce a gauge output signal related to the electrical resistance of its thermistor. The
two gauges are configured with their platforms having equal nominal perimeters and different
nominal surface areas, and their support structures having the same nominal geometry. A differential
signal may be obtained from the two gauge output signals. The differential signal conveys
information about the gas pressure and exhibits reduced sensitivity to fabrication-related dimensional
variations.

CA 03170485 2022-9-1



122 200




