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ABSTRACT

Temperature characteristics are one of the key parameters determining the performance of
MEMS pressure sensor under specific operating conditions. This research demonstrates a new
microassembly design for differential pressure sensor with adjustable ranges of 10...60 kPa. A
distinguishing feature of this microassembly is its use of stops for pressure sensor chip with sensitivity
of S = 0.61 + 0.15 mV/V/kPa. Developed pressure sensor enables to withstand proof pressure of 1.5
MPa. The proposed base geometry of the microassembly significantly reduces the impact of residual
mechanical stresses (RMS) by all mechanical connections of pressure sensor chip, which is subjected
to thermocycling and barocycling. It has been proven that it is possible to achieve errors in the
temperature hysteresis of the zero signal (THZ) of less than 0.25%/FS in a wide temperature range
from -65°C to +85°C, despite the requirement of top mechanical stop (as an additional source of
RMS), which is only necessary to increase the overload capacity of pressure sensor.

Keywords: pressure sensor, microassembly design, high proof pressure, temperature
characteristics, residual mechanical stress.

1. Introduction

Companies in the sale market of microelectromechanical systems (MEMS) pressure sensors
based on the piezoresistive effect for various industrial applications are constantly focused on finding
innovations in the field of design, improvement of materials and technologies, as well as in analyzing the
possibilities of integration with various application platforms [1], for example, wireless implementation
for Internet of Things [2], flexible pressure sensors for medicine [3] and the Industrial Internet of Things
[4], ultra-high-sensitivity pressure sensors for ultra-low ranges of less than 5 kPa for a different type of
applications [5-7], high-temperature SiC pressure sensors for combustion chambers in nozzles,
compressors and blades for aircraft and aerospace engines [8,9], as well as combinations of pressure
sensors with sensors for temperature, gas, humidity and other physical quantities [10,11]. Implementing
advanced solutions requires years of validation to confirm consistent or improved performance, with
multiple iterations across batches of wafers. A significant factor in development is not only the
repeatability of characteristics from batch to batch, but also the stability of all parameters over time into
a single batch, including errors of temperature characteristic over time [12-14].

Currently, a large number of various articles and reviews about piezoresistive pressure sensors
are devoted primarily to analyzing design and technological solutions for achieving advanced
mechanical performance under specific application conditions, as well as the type and nominal value
of pressure. Less attention is paid to the issue of temperature influence. It is one of the most significant
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factors affecting pressure sensor performance. Temperature characteristics are primarily considered by
two parameters for two types of output signals:

1. The temperature coefficient of zero signal (TCZ) and temperature coefficient of sensitivity
(TCS) are errors that can be compensated by application-specific integrated circuit (ASIC) [15-22] or
additional circuits on the pressure-insensitive region of chip [23-25], since these errors are actually
predictable in repetitions of temperature changes. Also, a temperature sensor can be created into the
pressure sensor chip [26-29] or near to it in a single small-sized package [11,30] for external
compensation of TCZ and TCS errors. In the present, ASIC can minimize TCZ and TCS errors, which
in turn should have acceptable values of the order of no more than 0.50%/10°C for TCZ and no more
than 3.50%/10°C for TCS.

2. Temperature hysteresis of sensitivity (THS) and, especially, temperature hysteresis of zero
signal (THZ) are uncompensable errors and are quite random in nature, but within a certain error
range. Therefore, the main effort is focused on finding reasons for reducing THZ and THS, which
determine the final accuracy of pressure sensor.

The research analyzes issues related to the classic use of pressure sensors, which is made by
monocrystalline silicon or silicon-on-isolator (SOI) structures, where piezoresistors (PRs) are not
etched to buried oxide (BOX) layer. This means that the sensors operate in a temperature range of up
to 90-100°C. Exceeding this temperature limit causes other factors that contribute to high errors due
to a significant increase of substrate leakage current. The proposed solutions for reducing of
temperature characteristic errors primarily caused by residual mechanical stresses (RMS). RMS are
subject a wide range of influencing factors, including:

1. Various types of metallization with significantly higher coefficients of thermal expansion
(CTE) [31-37].

2. Geometry of microassembly structure and its implementation technology for connection of
pressure sensor chip [38-43].

3. Methods for connection of the microassembly structure to the sensor package [44-50].

4. The purity of diffusion and plasma processes. The presence of mobile charge in SiO; layers
causes leakage current [51-53].

5. The doping level of impurity for PR [54-56].

6. The nominal values of RMS for compression or tension of SiO2 and SisN4 layers [57-59].

7. The resistance of the ohmic contact between the silicon and the metallization [60].

8. The RMS by the production route of pressure sensor chip itself depends on the presence of
geometric asymmetry for membrane structure, process errors in lithography and diffusion [61-64].

This study, based on a large volume of experimental statistical data, examines a number of
solutions for reducing temperature characteristic errors associated with both design of microassembly
structure and the effects of changing the characteristics of differential pressure sensors for unjustable
ranges up to 10...60 kPa after preliminary operation by thermocycling (TC) and barocycling (BC).
Another distinctive feature of this microassembly designs under consideration is the presence of stops
on both sides of chip to withstand a 150X proof pressure relative to the lowest differential pressure
range of 10 kPa.



2. Features of pressure sensor production
2.1. Design and technology of pressure sensor chip

The main focus of this research is on the geometry of microassembly design for differential
pressure sensor chip with adjustable ranges up to 10...60 kPa and the effects of preliminary operation
on temperature characteristic errors. Therefore, information on the design and manufacturing
technology of pressure sensor chip itself is presented as initial data for a previously developed
technological route. A detailed description of all the features for the front side of pressure sensor chip
(Fig. 1a) was previously presented [5, 6]. The pressure sensor chip uses Wheatstone bridge circuit
with four PRs. The pressure sensor chip is manufactured from monocrystalline phosphorus-doped
silicon (n-type) wafers with resistivity of p = 4.5 Ohm-cm, crystallographic plane (100) and thickness
Wiubstrate = 410 pm.

b)
Figure 1. Photo of chips for: a) pressure sensor from the front side, b) pressure sensor from the back side,
c) temperature sensor.

High-boron-doped regions of the p*-type PRs with surface concentration of Ns = 5-10*° cm™®
and piezoresistive coefficient equal to s = 0.73-10°-Pa? is used (surface resistance Rs = 20 Ohm/o,
p-n junction depth x; = 4.0 um) to connect low-boron-doped regions of p™-type PR with surface
concentration of Ns = 6:10* cm™ and piezoresistive coefficient equal to mas = 1.26-10°-Pa’* at room
temperature (surface resistance Rs = 200 Ohm/o, p-n junction depth xj = 2.2 um, dimensions 20x400
um along the crystallographic direction [110]) with 0.8 pum-thick Al metallization on the non-
deformable region of chip frame. The high-boron-doped p*-type regions of PR are located on the
thinned part of membrane and at least 80 um from the membrane's etch wedge edge. This connection
is crucial when designing the front side layout of pressure sensor chip to eliminate the additional
influence of RMS and parasitic effects from the difference CTE between silicon and aluminum.
Silicon oxide with a thickness of Wsio2 from 0.18 to 0.42 um is used as an insulation layer on the front
side of chip, which thickness is depending on the doping areas by lithography. The mobile charge in
the insulation layer of Na*, CI- and other element ions did not exceed Q < 5-10%° C/cm? after each
oxidative diffusion process. A high-doped n-type region is created on the front side of chip for ohmic
contact. This is necessary to apply the highest potential to the substrate, equal to the supply voltage
Usupply = 5 V. It helps to close the p-n junction from leakage current components. Each chip is



guaranteed to achieve leakage current values lieak < 10 nA at reverse bias of Urey = 40 V.

The geometry structure of square membrane with thinned part and mechanical stress (SC)
concentrators in the form of three rigid islands (RIs) is formed using a combination of wet anisotropic
and isotropic etching only on the back side of chip (Fig. 1b), where the RIs thickness is equal to the
initial wafer thickness. The geometric dimensions of chip are presented in Table 1 and, taking into
account the above data about PR doping level, enable sensitivity values of at least S = 0.45 mV/V/kPa
to be achieved with nonlinearity error of no more than 2Ky, = 0.20%/FS for pressure range of 60 kPa.

Table 1. Geometric dimensions of the chip and its membrane structure for differential pressure sensor
with adjustable ranges up to 10...60 kPa.

Length of the . The gap
. Thickness of the
Length of the side for the . between RIs | Length of the RI
Parameter . . thinned part of .
chip side thinned part of and the chip edge
membrane .
membrane frame with Rls
Dimension, pm 4000 = 20 2200 £ 4 292 224 600 + 80

In addition, developed pressure sensor also includes a separate temperature sensor chip (Fig. 1c)
based on a Schottky barrier [11] with dimensions of 0.8x0.8x0.4 mm?, which is designed both for direct
measurement of temperature inside the device and for subsequent TCZ and TCS errors correction by
ASIC.

2.2. Technological features of microassembly design

The choice of microassembly geometry is based on a combination of solutions to reduce the
impact of RMS on temperature characteristics from all type of connections between the
microassembly and pressure sensor chip inside it. This study considers the mechanism for connecting
the base, chip and top mechanical stop using a glass frit [65,66], since the choice of this connection
mechanism is justified by existing experience and previously achieved advantages in production (as
analogy with the implementation of piezoresistive effect for pressure sensor chip). The geometry of
the microassembly structure's base, as well as the methods for connecting it to the TO-8 type Kovar
pakage, are based on trends identified in a comprehensive review of similar current developments [31-
64,67-80]. As mentioned earlier in the Introduction, the research is presented based on statistical
practical data, which collectively take into account the influence of all possible design nuances and
pressure sensor manufacturing technology, as software model of complete microassembly structure
often cannot account for all possible nuances of multi-stage fabrication. The main trend for the base
geometry is to reduce the connection area of pressure sensor microassembly with the Kovar package,
as well as to use a larger volume of the base, where mechanical decoupling from the package occurs,
where the increasing the base height as much as the housing space allows. A schematic representation
of the microassembly design with the main controlled dimensions is presented in Fig. 2. A
monocrystalline silicon wafer with a crystallographic plane (100) and thickness of Wgase = 3000 pum is
used for the base. A SisN4 layer with thickness of Wsisna = 0.15 um is deposited on both sides by
LPCVD process.
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Figure 2. Schematic representation of: a) microassembly structure (side view), b) microassembly structure
(bottom view).

First, a laser process uses to form the structure of hole with diameter of H = 0.25 mm. Then the
structure of base lower part is formed by laser process in form of square pedestal to depth of G = 1.00 mm
and with curvature radius of R = 0.30 mm in the horizontal and vertical planes of the section. A bottom
mechanical stop to depth of B = 6 um and with area of Asottom stop = 1.90x1.90 mm? on the upper plane of
base also formed by laser process (Fig. 3a, b). Previously, additional studies were made for this
microassembly base geometry, which resulted in the determination of square pedestal side for connecting
microassembly to the package (Fig. 3c). The base pedestal side should be J = 2.70 mm, considering the
balance between the breakaway moment for the microassembly, bonded with organosilicon adhesive to
the Kovar package, when applying proof pressure from the back of chip, and the minimum impact of
RMS on temperature characteristics. The next steps of the base fabrication process involve wafer cutting
and SisNs layer removing which is necessary as a barrier against the fusion of silicon dust spatter from
laser process. Additionally, it is necessary to optimally eliminate potential MS concentrators into the base
due to the presence of sharp corners. Therefore, in the final step, all edges of the base are isotropically
etched at 50 um to reduce the influence of MS concentrators.

a) b) c)
Figure 3. Photo of the base for microassembly structure a) bottom view, b) angled view, c) side view with two
options for the connection area of the base with package.

The top mechanical stop of microassembly is created by monocrystalline silicon wafer with
crystallographic plane (100) and thickness F = 380 um by wafer cutting with area Atop stop = 2.60x4.00
mm?. First glass frit layer is applied using a robotic installation to the upper surface of base along the



perimeter. Second glass frit layer is applied to one of the surfaces of top mechanical stop along the
two smaller sides of area. The glass frit layers are subsequently vitrified at Tvit = 520 °C for tvit = 1
hour. The final connection of all elements into the microassembly structure occurs by soldering in a
vacuum Pysc = 3-10* Pa at temperature Tsoig = 397 °C for tssig = 20 min and torque M = 0.7 N*m (the
torque acts only during the middle 10 minutes of this process). The top mechanical stop is centered
relative to the pressure sensor chip during soldering to keep the contact pads open for subsequent
ultrasonic welding. The spaces between the pressure sensor chip and the long sides of top mechanical
stop remain open to allow pressure to be applied from the front side of chip. The resulting gaps of E =
23 £2 um and C =29 + 3 pum (Fig. 2a) between the microassembly components differ by an amount
equal to the height of bottom mechanical stop of the base B = 6 um, since the glass frit deposited on
the base is larger than on the top mechanical stop. The resulting gap dimensions are necessary for the
free movement of the pressure sensor chip membrane when nominal pressure of 60 kPa is applied
from either side, as well as for timely contact with the top or bottom mechanical stop before
destruction by proof pressure.

Fig. 4 presents a photo of an example (one of more than 120 samples) of the developed
pressure sensor and its microassembly design. An additional package cover is used, which has an hole
for applying pressure from the front side of the chip.
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Figure 4. Photo of the developed differential pressure sensor: a) microassembly design (angled view), b)
microassembly design (side view), ¢) final view of the pressure sensor (without package cover).

The microassembly is bonded to the Kovar package by organosilicon adhesive. The process of
applying and drying the organosilicon adhesive also significantly impacts by RMS on the pressure
sensor chip. Therefore, the assembly should be cured for 24 hours under normal climatic conditions
and then dried at Tary = 250°C for tary = 1 hour after applying the adhesive to the bottom surface of
microassembly and placing the microassembly inside the package without additional clamping. The
condition of tightness of all connections inside the pressure sensors from helium leakage with
indicators of no worse than 1-10° m®Pa-s is observed to ensure that pressure is supplied only from
the front side of chip through the hole in package cover or from the back side of chip through the tube
of package base.

Several factors were identified that could lead to structure failure when applying a proof



pressure of 1.5 MPa to the back of the chip. As mentioned earlier, if the bond area between the
microassembly and the Kovar package is insufficient, so the organosilicon adhesive bond could fail
(Fig. 5a). If the hole diameter exceeds H = 0.60 mm and the base geometry is insufficiently processed
in an isotropic silicon etchant, so the base itself and the chip fail (Fig. 5b). The asymmetrical position
of the top mechanical stop leads to increased stress on a single sector of the thinned part of chip
membrane, resulting in failure of both elements under proof pressure (Fig. 5c).

Figure 5. Examples of destruction for the past versions of developed differential pressure sensor, when proof

pressure attached to the back side of chip: a) separation of the microassembly from the package, b) destruction

of the base and the chip into microassembly structure, ¢) asymmetrical connection of the top mechanical stop
with the chip.

Proof pressure on either side of the pressure sensor chip could lead to premature rupture of the
membrane, so as result it can be loss of sensor output signal without visual confirmation. This failure
is caused by a number of factors. First, the membrane thickness, which determines its deflection when
pressure is applied, can have process variability both within the 4-inch diameter wafer itself and
between wafers in a batch without the use of liquid anisotropic stop-etch technology. Second, there is
process variability in the height of the bottom stop of base. Third, the uniformity of glass frit
application and the repeatability of vacuum soldering modes for microassembly structure can also have
process variability. These factors could lead not only to burst of the chip membrane before it seats on
the stop, but also to highly nonlinear output signals at nominal pressure of 60 kPa, because membrane
seating is happened early. Finally, the technological solution of combination for all factors made it
possible to significantly reduce technological waste to 12%.

3. Experimental research of temperature characteristics before and after TC and BC

Temperature characteristic of the developed pressure sensor is analysed inside thermal chamber
Espec MC-811, which provides temperature fluctuation at a point of ATchamw = +0.5 °C and
temperature gradient across the volume of AT’ chamb = £2.0 °C in the range from -65 °C to +85 °C. As it
was proved by chamber certification, the above-mentioned temperature parameters are actually
significantly lower with the useful volume, which was filled with samples in special fixture by more
than 50%. The temperature hysteresis of chamber at 9 points in the volume (8 edge points of the
volume and 1 in the center) ranged from 0.03 to 0.15 °C. A temperature shift of 0.15 °C leads to an



additional component for THZ and THS of 0.004% and 0.042%, respectively, when considering the
limited error indicators of the developed pressure sensors for TCZ up to 0.25%/10°C and TCZ up to
2.80%/10°C. Thus, temperature hysteresis has virtually no effect on TCZ, but the chamber can still
makes adjustments for THS. Excess pressure is set using compressed air by WIKA Mensor CPC6050
with module up to 100 kPa and accuracy of 0.01%. The National Instruments PXI1-1044 measuring
system with PXI-4132 power supply (with a one-year target accuracy up to 0.025%), PXI-4071
multimeter unit (with a 90-day measurement accuracy up to 0.001%) and PXI-2527 multiplexer are
used to supply power (Usupply = 5 V) and read the output signal.

The temperature characteristics are analyzed with the pressure sensors placed inside chamber
with the midpoint for calculations at +20 °C. Temperature characteristic measurements are divided into
negative and positive temperature ranges, where THZ and THS is considered for temperature ranges of
-65 to +20 °C and +20 to +85 °C, and TCZ and TCS is considered for temperature ranges of -30 to +20
°C and +20 to +85 °C. This means that output signal compensation is expected to occur in the range of
-30 to +85 °C, but the samples must guarantee low error after temperatures in the wider range of -65 to
+85 °C. All temperature characteristic calculations are based on sensitivity data when pressure is
applied from the back of chip. The calculation of THZ and TCZ errors is carried out for the lowest
pressure range of 10 kPa, which guarantees lower errors for intermediate ranges above (up to 60 kPa).
The operating conditions for this developed pressure sensor for range up to 60 kPa are guaranteed by
achieving low nonlinearity error (2Kne < 0.20%/FS), mechanical hysteresis (H < 0.10%/FS) and
mechanical repeatability (R < 0.05%/FS). Output signal measurements are taken after 1-hour hold after
the required temperature is reached in the chamber. The temperature change rate is 1.5°C/min. Tests
for all temperature characteristics is conducted before and after TC and BC. The selection of TC and
BC modes and methods is based on the AEC-Q100 and AEC-Q103 specifications by Automotive
Electronics Council (AEC) [80]. The TC occurs in temperature range from -65°C to +130°C and
consists of 50 temperature change repetitions over 150 hours. 40,000 repetitions of BC are also
performed at elevated temperature of +110°C and pressure of 100 kPa applied from the back of
pressure sensor chip. Table 2 presents the temperature characteristics before and after TC and BC. All
parameter values are presented as "arithmetic mean + standard deviation", where critical excesses are
present, amount to less than 7% for all parameter types, and are not included in the statistical data.

Table 2. Temperature characteristic parameters of the developed pressure sensor for adjustable
differential pressure range of up to 10...60 kPa.

Parameter Temperature range, °C Before Tc and BC After TC and BC
-65...+20 0,46 + 0,33 0,14 + 0,09
THZ, %/FS 120,485 0,3520,32 018:+0,07
TCZ, %/10°C/FS +32%++2805 8:12 i 81573 812 i 8:3929
THS, 34 T 0055 00 0055 00
TS, 610CFS 20, 155 2ot 200 02000




As discussed in the Introduction, the THS and, especially, THZ are random in nature, but
within a certain error range. Therefore, the parameter results presented in Table 2 represent not only
statistics between samples in a batch, but also average values from three identical measurements
conducted for two temperature ranges before and after TC and BC. The obtained data clearly
demonstrate the positive effect by act of TC and BC, which significantly reduces the impact of RMS
for this design from all types of pressure sensor assembly operations:

1. A significant error reduction after TC and BC occurs for the most problematic parameter
initially of THZ. THZ had both high values for the parameter itself and significant differences in these
values between samples and between replicate measurements before TC and BC, as well as higher
THZ values for the subzero temperature range. Average THZ values are reduced after TC and BC by
approximately 2-3X times and the spread between samples and measurements by approximately 3-4X
times.

2. The positive influence of TC and BC also affects on TCZ but not as significantly as for THZ.
The average THZ values decrease by 15-20% and the variability between samples and measurements
by about 30-40%..

3. Despite possible temperature hysteresis inside the chamber, THS initially has relatively small
error values up to 0.15% and remains virtually unchanged after TC and BC. A similar situation is
observed with relatively stable TCS values.

4. Comparative analysis of temperature characteristics with mass-produced analogues

It is necessary to consider approximately the same pressure type and range, sensitivity and
proof pressure for a comparative analysis with other piezoresistive pressure sensors based on its main
mechanical and temperature characteristics. The design and manufacturing technology of pressure
sensor chip itself are not considered in the analysis, because there are multifactorial differences in its
implementation by various companies. The output characteristics of developed pressure sensor
analyzed directly with commercially available analogs [81] in Table 2, which have an analog, non-
amplified output signal. The developed pressure sensor and its analogs each have their own advantages
and disadvantages, which determine its specific applicability in various industrial applications. The
PT2710 pressure sensor from Amphenol NovaSensors is designed for range of 17 kPa (2.5 psi), which
is close to the lower limit of developed pressure sensor's range, but the analog's sensitivity is 2.3X
times higher. The advantages of PT2710 include low TCZ and TCS errors, but over a narrower
temperature range. The advantages of developed pressure sensor against the PT2710 include the ability
to increase the proof pressure by almost 9X times. The developed microassembly design maintains
same low THZ and THS errors as the analogue. TSC016KD by Honeywell has sensitivity in 2X times
lower that values of the developed pressure sensor for pressure range up to 16 kPa, but its temperature
characteristic errors are lower, especially for THZ. The advantages of the developed pressure sensor
against TSC016KD include the ability to increase the proof pressure by almost 7.5X times and the
burst pressure by 5X times. A key factor of this comparative analysis is that the developed pressure
sensor is manufactured in small batches, unlike similar pressure sensors, where the annual production
volume is several orders of magnitude higher.



Table 2. Comparison of temperature characteristics and proof/burst pressure for developed pressure sensor with

respect to commercially available differential pressure sensors from various companies.

FSUE Amphenol ) TE
Company NXP Honeywell  Acuity .
VNIIA NovaSensors Connectivity
AC3012
. MPX23  TSCO016K SMI
Modification - PT2710 -
00DT1 D SM9520
005-G
Pressure range AP kPa 10...60 17 40 16 35 10
" mV/V/ 0,04 £ 0,63+
Sensitivity S 061+0,15 1,40+0,35 0,29 £ 0,02 1,90 £ 0,60
kPa 0,01 0,11
Overall dimensions of 1,8x1,6x
. mm 4,0x4,0x3,8 2,0x1,6x1,0 - - 2,1x2,1x0,6
microassembly 0,4
1,50 0,17 0,86 0,20 0,17 0,08
Proof pressure APproof MPa
(x25...150) (x10) (x22) (x13) (x5) (x8)
> 2,00 - - > 0,40 > 0,52 > 0,10
Burst pressure APpurst MPa
(x33...200) - - (x25) (x15) (x10)
Working test temperature +15...+4 +25..+7
fange AT e -30...485 0 0 -40...485
98 2 Loperating oC 0...470 0...+85
Storage temperature range -
-65...+85 - -
AT storage 25...+85
TCZ %/FS/ <0,25 <0,10 <0,03 <0,19 <0,25 <1,50
TCS 10°C <2,70 <1,10 < 1,00 <2,40 <2,10 <2,40
THZ <0,25
%/FS <0,25 - <0,10 - -
THS <0,15
98ASB1 DIP/SMT/
Package TO-8 ~* ~* ~*
3355C SIP
Presence of a temperature sensor + + + + - -
The presence of a compensation A

circuit in the housing

5. Conclusion

* - unpackaged element

This research presents the new developed microassembly design with piezoresistive pressure
sensor chip for differential pressure sensor with adjustable ranges up to 10...60 kPa. A distinctive
feature of the microassembly design lies in the use of stops on both sides of chip with sensitivity of S =
0.61 £ 0.15 mV/V/KkPa, which withstanding the proof pressure of 1.5 MPa when applied from either
side of chip. The microassembly design also use the complexly profiled base structure, which
eliminates the significant impact of RMS from package and all possible mechanical connections to the
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chip. The RMS reduction as temperature characteristics parameters is observed in this microassembly
design after using of TC and BC, especially for THZ. The slight reduction TCZ also occurs. Changes
of THS and TCS are virtually unobservable. The research demonstrates that it possible to achieve low
THZ up to 0.25%/FS for the temperature range of -65...+85°C and TCZ up to 0.25%/10°C/FS for the
temperature range of -30...+85°C despite the presence of the additional source for RMS in the form of
the top mechanical stop, which is connected to the front side of pressure sensor chip by two glass frit
layers. Achieving acceptably low temperature characteristic values without ASIC and the ability to
withstand 150X-fold proof pressure for the smallest of the adjustable ranges of 10 kPa allows the
development to be competitive among commercially available analogs of pressure sensor.
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