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Abstract

Micro-electro-mechanical systems (MEMS) sensors offer the benefits of compact size, lightweight
design, and low cost, making them widely applicable in consumer electronics, vehicles, health, defense,
and communications. With enhanced performance, MEMS sensors have also found applications in oil
exploration and geophysical studies. For years, pressure and temperature sensing during hydraulic
fracturing has been employed to enhance the down-hole conductivity of oil and gas extraction.
Nevertheless, the pursuit of developing high-precision MEMS sensors for oil exploration continues to
be an active area of research. This paper details the design, fabrication, packaging, and characterization
of a silicon-on-insulator (SOI) MEMS piezoresistive pressure sensor integrated with a temperature
sensor. It also describes the design of a chamber that simulates real conditions at the bottom of oil
exploration wells. The sensors were successfully designed and fabricated based on physics-based
simulations, deep reactive ion etching and anodic bonding techniques. The pressure sensors, along
with the signal conditioning system, demonstrated a linear response, with a maximum linear error
of 4.95% at 7 MPa and a reduced linear error of less than 3.5% at 24 MPa. Additionally, a quadratic
approximation for the temperature sensors was achieved, showing a maximum resistance change of
8.5% at 140 °C.

Keywords: micro-electro-mechanical system; pressure sensor; temperature sensor; finite element
modelling; silicon on insulator; fabrication; MEMS characterization

1. Introduction

Monitoring hydraulic fracturing is crucial for the development of unconventional oil and gas [1-3].
This process involves injecting high-pressure fluid into the target reservoir, which generates, expands,
or connects cracks to the natural fractures. As a result, the porosity and permeability of underground
reservoirs are enhanced, thereby boosting the productivity of unconventional oil and gas resources.
During hydraulic fracturing, the most critical down-hole parameters are pressure and temperature.
Consequently, the pressure sensors used in hydrocarbon wells must endure harsh conditions while
maintaining accuracy, stability, and reliability over several weeks of measurement. Specifically, these
pressure sensors must function at pressures up to 210 MPa and temperatures of approximately
210 °C [4].

Recent advancements in microfabrication and micro-electro-mechanical systems (MEMS) have
been effectively leveraged by pressure sensors. MEMS technology has demonstrated particular efficacy
in pressure sensing applications. Despite significant progress in the development of pressure sensors,
the industry continues to seek novel MEMS solutions capable of meeting the demands of applications
in harsh environments. In the subsequent discussion, the available technologies, including optical
fiber, resonant, capacitive, piezoelectric, and piezoresistive types, are analyzed.
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Various physical parameters, including acceleration, strain, humidity, and temperature, can be
monitored using optical strain gauges or fiber optic sensors (FOS) [5-7]. Unlike traditional electrical
sensors, FOS do not require an electrical supply, rendering them completely inert and immune to
electromagnetic interference [5,7]. Among the various options, one of the most reliable FOS for
downhole applications is based on the refractive index variation in a fiber Bragg grating (FBG)
embedded in a fiber. The FBG expands or contracts in response to the pressure or force applied to the
FOS, thereby altering the refractive index. However, detecting slowly varying strain with temperature
changes poses a significant challenge because optical fibers are inherently very temperature-sensitive.
Therefore, temperature compensation is necessary when using FOS for high-temperature and high-
pressure measurements [8].

In resonant sensors, it is essential to stimulate the mechanical resonant frequency. This frequency
is influenced by two primary parameters: the spring constant of the bending section and its effective
mass, which vary based on these factors. This principle underlies the use of changes in the resonance
frequency as a detection method [9,10]. To achieve the desired sensitivity and resolution, a high-quality
factor is required [11]. MEMS resonators are characterized by low power consumption and the ability
to operate at high frequencies with stability and precision. In addition, they can function across a wide
range of pressures, making them ideal for industrial applications. However, despite these benefits,
MEMS resonator pressure sensors are vulnerable to environmental influences such as temperature
fluctuations and mechanical shocks, which can affect their performance and reliability. Furthermore,
the fabrication process of MEMS resonators can be complex and costly, potentially limiting their
widespread adoption in certain markets.

Capacitive sensors exhibit less temperature drift than piezoresistive sensors, because capacitance
is generally not created through a diffusion method [12]. These sensors are typically constructed
as standard parallel-plate capacitors. When the pressure-sensitive membrane, positioned on one or
both sides of the sensor, undergoes a change, it alters the electrode separation or dielectric constant
of the medium between the plates, thereby changing the capacitance. Capacitive pressure sensors
operate effectively across a broad pressure range, from 250 Pa to 70 MPa [13]. Additionally, they offer
high pressure sensitivity and low power consumption [14,15]. However, due to parasitic and stray
capacitances, measuring the capacitance and linearizing the output signal presents challenges. More-
over, the manufacturing of capacitive sensors typically requires essential pretreatments, sophisticated
equipment, and high process temperatures [16].

Mechanical stress is transformed into analog voltage via piezoelectric sensors [17-19]. When
pressure is applied, the piezoelectric crystal structure is deformed, thereby altering the internal dipole
moment of the piezoelectric material. Consequently, the electrical surface potential changes in response
to the applied force. This characteristic allows piezoelectric sensors to require minimal energy, as they
are self-powered. Due to their excellent piezoelectric properties, piezoelectric ceramic materials, such
as PZT, BiFeOs, ZnO, and AIN [20] are frequently used as piezoelectric transducers. These sensors
can measure a wide range of pressures, typically from 0.7 kPa to 70 MPa, and are renowned for
their high sensitivity, accuracy, and robustness [13]. However, the design of the electronic interface
is more complex than that of other sensor types. A charge amplifier is necessary to convert the very
high-impedance charge output into a voltage signal, and must be positioned close to the sensing
element [13].

The earliest and most widely used type of pressure sensors are piezoresistive ones. Typically,
resistive components are deposited, implanted, or diffused onto a membrane that is sensitive to
stress [12,21-24]. Hence, the variation in piezoresistors caused by the induced stress in the membrane
is converted into a voltage output owing to the piezoresistive effect. Materials such as single crystal
silicon, polysilicon, and SizN, are frequently used to construct pressure-sensitive diaphragms for
piezoresistive sensors. These sensors, particularly those based on silicon, have excellent sensitivity,
linearity, and straightforward signal processing [25]. However, the main drawbacks of piezoresistive
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sensors are their relatively high power consumption and temperature dependence of the sensor output,
which must be compensated electronically.

Conversely, numerous types of temperature sensors have been developed using MEMS technol-
ogy, including capacitive, resonant, piezoresistive, and resistor-based types. Capacitive temperature
sensors typically consist of two separate capacitor plates or comb drive structures. The distance
between these plates, or the overlapping area of the comb structures, changes with temperature [26].
Resonant temperature sensors depend on frequency variations in the resonator caused by thermal
strain. This strain primarily arises from the different thermal expansion coefficients of the substrate
and device layers of the fabricated structures [27]. Piezoresistive temperature sensors function based
on the principle of stress-induced resistance changes in the embedded piezoresistor. Thermal stress is
generated by mismatches in the thermal expansion coefficients of materials within the structure [28].
Resistor-based temperature sensors utilize a temperature-sensitive resistor or thermistor to mea-
sure temperature, exploiting the principle that the electrical resistance of certain materials changes
predictably with temperature [29].

The aim of this work was to design a miniaturized pressure sensor integrated with a temperature
sensor to monitor the conditions at the bottom of oil exploration wells in the Chicontepec region
of Veracruz, Mexico, during hydraulic fracturing operations. The device must function reliably at
temperatures between 90 and 115 °C and withstand pressures of up to 70 MPa. Furthermore, strict
packaging constraints require that the total diameter of the sensor die assembly does not exceed
2 mm per side. Considering these design requirements, along with the analysis presented in this
section and the capabilities of the available fabrication equipment, piezoresistive pressure and resistive
temperature sensing approaches were selected. The fabrication was based on silicon-on-insulator (SOI)
technology, deep reactive ion etching (DRIE), and anodic bonding processes.

2. Materials and Methods

In this section, the design and fabrication processes of piezoresistive pressure sensors and resistive
temperature sensors are explained. Initially, a general structure of MEMS sensors is introduced,
followed by an in-depth exploration of the pressure sensor design, including finite element modelling.
Subsequently, the design and finite element modelling of the temperature sensor are discussed. Finally,
the fabrication stages are described in detail.

2.1. MEMS Sensors Structure

The MEMS structure was fabricated using a standard microfabrication process based on SOI
technology. This approach allows for a more flexible selection of the resistivity values of the active
layer, which helps to better define the values of the piezoresistive elements and facilitates the formation
of ohmic contacts on these elements, thereby eliminating the need for an ion implantation process [30].
The active layer was isolated from the handle wafer using a 2um-thick buried oxide (BOX) layer. This
active layer was machined to define the piezoresistive pressure sensors and resistive temperature
sensors. A membrane was constructed on the handle wafer by etching the bottom side of the SOI
wafers, with the membrane connected to the active layer through the BOX layer.

2.2. Design and Simulation of Pressure Sensor

The geometry of the membrane is crucial for pressure sensors. Designs featuring rectangular
membranes exhibit maximum stress at the center of each side of the perimeter. In this study, a circular
membrane was selected because of its uniform stress and strain distributions along the perimeter, as
illustrated in Figure 1. The strain in a circular membrane is less than the maximum stress observed in
rectangular membranes of the same area and thickness. A membrane-isolated chamber was created by
partially machining the handle side of the SOI wafer using the DRIE BOSCH process, followed by a
wafer bonding process with a Borofloat 7740 wafer to form a sealed enclosure.

To effectively utilize piezoresistive conversion, the orientation of the piezoresistors in the design of
pressure sensors must be precisely determined. It is widely recognized that p-type silicon demonstrates
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a significant piezoresistive effect when aligned along the [110] direction [31,32]. When stress is applied
to p-type silicon in this orientation, the valence bands, including the light and heavy hole bands, split
and warp, enhancing their mobility and resulting in substantial changes in resistivity. Consequently,
SOI wafers with a (100) plane, a 5 ym thick p-type active layer with a resistivity of 0.015 (-cm, and a
450 ym thick handle wafer were chosen for the pressure sensor implementation. Anisotropic chemical
etching with potassium hydroxide (KOH) extends from the active layer to the BOX layer, defining
piezoresistive structures. The non-vertical profile of the KOH-etched active layer was formed by the
intersection of the (111) and (100) planes. Additionally, this non-vertical profile facilitated the proper
continuity of the metal lines from the top (100) plane through the resulting (111) plane, post-KOH, and
down to the BOX layer parallel to the (100) plane.

Finite element simulations were performed using COMSOL Multiphysics version 4.0 software [33]
to investigate how different parameters of the silicon structure model affect the surface stress experi-
enced by the piezoresistive elements. The mechanical properties of the membranes were determined
numerically by applying pressure to the active layer side of the sensor, utilizing a Young’s modulus
of E = 129GP and Poisson’s ratio of v = 0.28 for silicon [34]. To determine the appropriate size and
thickness of the circular membrane, multiple finite element models were analyzed across a range of
membrane thicknesses and diameters to ensure that the yield strength of 7.7 GPa for silicon did not
exceed [35].
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Figure 1. Layout design of (a) the serpentine-shaped piezoresistive elements and their dimensions, and (b) the
location of the piezoresistive elements on top of the membrane.

First, serpentine shaped piezoresistive sensing elements were designed following the resistive
rosettes model proposed in [36,37] as shown in Figure 1(a). Subsequently, four piezoresistors were
defined along the radial and circumferential membrane axes, along the [110] direction, positioned
at the membrane edge region as shown in Figure 1(b). This configuration ensures that the resis-
tance of the two longitudinal piezoresistors increases due to the positive coefficient, and that of the
two transverse piezoresistors decreases owing to the negative coefficient when pressure is applied to
the membrane [36,37].

2.3. Design and Simulation of Temperature Sensor

Temperature sensors were strategically positioned in the unstressed regions of the membrane to
ensure that they primarily responded to the temperature changes. However, owing to the constraints
of die dimension specifications, they cannot be placed too far from the membrane edge. Figure 1(b)
illustrates the proposed layout designed to minimize piezoresistive contributions when these ther-
mal resistors are integrated near the membrane of the pressure sensor. The design was evaluated
through a finite element simulation of two different temperature resistor layouts, as shown in Figure 2.
One layout features a simple serpentine with elements aligned along the [110] crystal direction (see
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Figure 2(b)), whereas the other employs the proposed mixed serpentine design (see Figure 2(a)). The
proposed design incorporates a combination of elements arranged both parallel and perpendicular
to the [110] crystal direction, forming a mixed serpentine shape. In this configuration, individual ele-
ments experience both positive and negative resistance changes due to strain deformation outside the
membrane perimeter, as depicted in Figure 2(a). This design effectively cancels out the piezoresistive
contributions across different silicon elements [38]. The advantage of this temperature sensor layout is
its ability to optimize the total die area of the sensor.

=

(b)

L]
n

Figure 2. Layout of the studied temperature sensors. (a) Longitudinal and transverse piezoresistive sections for
the cancellation of piezoresistance due to stress and (b) only longitudinal sections.

2.4. Fabrication of Sensors

This section summarizes the fabrication steps for the pressure and temperature sensors. As shown
in Figure 3, the fabrication steps are as follows:

(a) Start with a 4” SOI wafer consisting of a 5 um device layer (100) plane with a resistivity of
0.015 O3-cm, a SiO, BOX layer of 2 ym and a 450 ym handle wafer with a resistivity of 10 ()-cm.

(b)  The SOI wafer was subjected to a dry oxidation process for 30 minutes at 1000 °C for 110 nm
5i0O, growth on both sides of the wafer. Then, a 100 nm chrome layer was deposited on the
bottom of the wafer using sputter deposition at a rate of 0.75 A per second for the first 25 nm,
and then the rate was increased to 1.0 A per second for a total deposition of 60 nm.

() Structures were defined on the device layer using the Shipley’s 51813 photoresist. These include
piezoresistive pressure and resistive temperature sensors, as well as supportive structures that
facilitate subsequent wafer bonding procedures, as outlined in step (1). A buffered oxide etch
(BOE) was used to etch the top oxide, ensuring that the defined structures remained protected
by the photoresist and oxide.

(d)  The top device layer was etched with KOH at 82 °C until it reached the BOX layer. A slightly
modified design mask, combining both triangular and rectangular structures, was used, which
differed from that employed by [37].

(e) A thick layer of photoresist was deposited and defined with narrower features (undersized)
from the device feature mask design, to leave only narrow openings on top of the device
structures. This process covered the top edges of the device structures and their exposed
sidewalls, resulting from the KOH process.

() The previous photoresist protective layer enabled to proceed with a BOE of 5iO;. The photore-
sist thoroughly protects the bottom BOX layer, particularly at its oxide interface with the KOH
machined sidewalls of the device structures.

(g)  After stripping the photoresist and etching the bottom chrome, the SOI wafer undergoes a
piranha cleaning process. This was followed by a second dry oxidation process to grow 80 nm
of Si0,. Subsequently, 100 nm of chrome was deposited on the bottom of the wafer using
sputter deposition. The deposition rate was initially set at 0.75 A per second for the first 25 nm,
then increased to 1.0 A per second for the remaining 75 nm.

(h)  Inthenextstep, photoresist is used to define a sacrificial mask on the device side layer, featuring
narrow openings to facilitate the BOE in the BOX layer. The layout definition of these openings
is crucial for the subsequent anodic bonding process [36]. Due to the isotropic nature of the BOE,
an undercut profile is formed in the BOX layer from the narrow openings in the photoresist.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A 60 nm aluminum sputter deposition was then applied to the device side, allowing metal
deposition on certain sections of the handle wafer through the openings in the BOX layer.

= — = Es mo ma

D p— 1 —

Figure 3. Fabrication steps for MEMS pressure and temperature sensors.

SiO, M Photoresist  Au

Borofloat

(i) After cleaning the photoresist, the top metal is lifted-off, leaving only the aluminum on the BOX
layer’s openings. Then, a second lift-off process was performed on the device layer to define
a sacrificial layer by sputter deposition of 200 nm of chrome. This metal forms a connection
between the top section of the device structures and the handle wafer through BOX openings.
It is important to note that the metal maintains a continuous connection from the top section
of the device structures through its micromachined sidewalls to the top face of the BOX and
through the smoothly isotropic etched shape of the BOX layer to the handle wafer.

G) The SOI wafer is coated with photoresist on both sides. The photoresist on the handle wafer
side is patterned, and the chrome and oxide layers on the handle wafer are etched.

(k)  The patterned handle wafer defines the cavity of the pressure sensor by partially etching silicon
using a DRIE process. Each DRIE cycle consisted of a passivation step followed by an etching
step, with specific process chamber conditions (gas flow and power settings) as follows: the
passivation step used 76 sccm of C4Fg, 8 W of forward RF power, and 805 W of ICP power
for 5 s; the etching step employed 76 sccm of SFs, 27 W of forward RF power, and 765 W of
ICP power for 5 s. Each cycle etched an average of 0.3 ym of silicon. This process defines the
pressure sensor membrane, resulting in a final thickness of 190 ym. Dry etching with O, is used
to clean the remaining photoresist on the handle wafer, followed by wet etching of the chrome
and oxide layers of the handle wafer.

)] The bottom layer of chrome on the handle wafer was wet etched, followed by BOE of the handle
oxide layer. The photoresist from the device side was stripped, and the wafer was cleaned using
the piranha process before anodic bonding of the SOI and Borofloat wafers. The metallized
top layer acted as an electrode for the surrounding contacts in the pressure cavity, ensuring
the proper current flow required for the anodic bonding process at the interface between the
handle and glass wafers. The parameters utilized in the SB6/8 wafer bonder for the anodic
bonding of the SOI and Borofloat wafers were as follows: a membrane pressure of 150 kPa, a
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vacuum of 6 x 10~° mBar, a temperature of 280 °C, a voltage of 1000 V, and a maximum current
of 12 mA. During the bonding process, the current remained constant at 12 mA for 100 s before
decreasing exponentially to 240 yA after 7 min and 23 s.

(m)  After bonding the wafers, the sacrificial top chrome contacts were etched to prepare for the
formation of ohmic contacts on the upper surface of the device structures, specifically the
piezoresistive sensors.

(n)  Alift-off photoresist was employed to define openings in specified regions for ohmic contacts
on the device layer of the pressure and temperature sensors. Subsequently, 75 nm of Al/Si (95%
and 5%, respectively) was deposited at 164 °C via sputtering. The utilization of an Al/Si alloy
facilitates its diffusion into silicon, thereby forming ohmic contacts.

(o)  After cleaning the lift-off photoresist, a new lift-off photoresist was applied to define wider
openings for the ohmic contact regions on the top of the sensors. Subsequently, a second sputter
deposition of 75 nm of Al/Si (95% and 5%, respectively) at 174 °C was performed.

(p) A 50nm chromium sputter deposition was used to temporarily protect the top Al/Si interface
from oxidation. The lift-off photoresist was cleaned, and the bonded wafers were cleaned
with piranha solution. Then, to establish ohmic contacts, thermal treatment in an inert gas
environment at 450 °C for 30 min was used.

(@)  After the ohmic contact was formed, the oxidized top chrome was stripped off. Using photore-
sist for lift-off, a new 75 nm layer of sputtered chrome was deposited, followed by 250 nm of
gold evaporative deposition on the device layer, culminating in a final lift-off process. Chrome
and gold were smoothly deposited from the top of the device structures and connected through
the machined sidewalls to define the metallized interconnections of a full Wheatstone bridge
circuit. This metallization procedure was also used to connect the contact pads for wire bonding
immediately after the chips were diced from the wafer. First the dicing process partially cuts
the Borofloat wafer from the bottom.

3. Results

A three-dimensional model of the MEMS structure was developed using COMSOL simulations.
Figure 4 shows the results of the membrane structure simulation. Figure 4(a) shows the Von Misses
stress as a function of the applied pressure in the range of 7 MPa to 70 MPa for membrane thicknesses
of 100, 150, 200, 250, and 300 ym, and a diameter of 1550 ym. Based on these results, the final design
was selected with a membrane thickness of 190 ym, corresponding to a Von Mises stress value of
20% of the fracture strength of silicon. For the chosen membrane dimensions, Figures 4b and 4c show
the distributions of Von Mises stress at both the upper and lower surfaces of the membrane under a
pressure of 70 MPa.

3000+

2500

2000

1500+

1000+

Von Mises Stress (MPa)

500+

10 2 % 40 5 60 70
Pressure (MPa)

Figure 4. Finite element simulation results for the membrane. (a) Maximum Von Mises stress for various membrane

thickness values as a function of applied pressure. (b) Top and (c) bottom Von Mises stress distributions for a

circular membrane with a diameter of 1550 ym, a thickness of 190 ym, and applied pressure of 70 MPa.
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Figure 5 shows the simulation results for the temperature resistor structures depicted in
Figures 2(a) and 2(b). In Figure 5(a), the Von Mises stress distribution under an applied pressure
of 70 MPa at a constant temperature is shown, with both resistor structures positioned 20 ym from the
membrane edge. Figure 5(b) compares the relative resistance change for the two resistor configurations
when subjected to an applied pressure of 70 MPa at the center of the membrane.

10

(b)

—e— Longitudinal (Figure 2(b))
—e— Longitudinal and transverse (Figure 2(a))

Piezoresistance change (%)

20725730 35 40 45 50 55 60

Distance from edge (Um)
Figure 5. Finite element simulation of temperature resistors. (a) Membrane under 70 MPa of pressure with
the resistor structures shown in Figures 2(a) and 2(b). (b) Comparison of the percentage of change in the
piezoresistance value between both designs due to the top membrane stresses as a function of the distance from
the membrane edge.

The complete design of the MEMS sensor, including the supportive structures, BOX openings,
and metal layers, is shown in Figure 6. Figure 6(a) shows the layout of the design with four pressure
piezoresistors and four temperature resistors. The cross-section of the supportive structure is shown in
Figure 6(b). As shown, the metal layer was deposited along the inclined sections of the KOH etched
edges of the device structures, connecting the device layer to the handle wafer. Figure 6(c) shows the
cross section of both the pressure sensor and bonding support structure, located at the top left and top
right, respectively.

Mechanical press

(b)  Handle layer l l l l l Device layer

sections - Borofloat JISi | Sio, [l Cr  Au

I Supportive structures (a) Borofloat [ Si sio, [ cCr
[l BOX openings Au W Al
Metal

Figure 6. (a) Complete layout design, including the four pressure piezoresistors and four temperature resistors.
(b) Cross section of the supportive structure showing the BOX openings. (c¢) Cross section of the piezoresistor and
bonding support structure.

The MEMS sensor, which features four pressure sensors arranged in a full Wheatstone bridge
signal conditioning configuration and four temperature sensors, is illustrated in Figure 7. Figure 7(a)
shows a top view of the MEMS sensors along with their supporting structures. Figure 7(b) depicts
a perfilometer image, obtained with a Dektak Bruker perfilometer, of the supporting structure of
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two adjacent dies. The MEMS sensor chips were glued with silver paint from the bottom section and
wire-bonded into a 48-pin dual in-line package, with each package containing four dies, as shown in
Figure 7(c).
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Figure 7. MEMS sensor fabricated. (a) Top view of pressure and temperature sensors. (b) Perfilometer image
showing supportive structure used for bonding the SOI and Borofloat wafers. (c) Four dies wire bonded into a
48 pin dual in line package.

An experimental setup was developed to characterize the pressure and temperature sensors and
to validate the performance of the proposed design. The setup for measuring pressure at various
temperatures is shown in Figure 8. A chamber for high-pressure conditions was developed to test the
piezoresistive sensors. The design included a low-cost, three-stage pressure system comprising: 1) a
manual deadweight tester DWT1305D-100; 2) a piston cylinder symplex RC-series connected to an
auxiliary chamber designed to separate testing fluids (see Figure 8); and 3) a custom-designed stainless
steel chamber with eight Conax high-pressure feedthroughs HPPL14, each equipped with six 24AWG
electrical cables (see Figure 8). The three-stage system enabled the separation of the specialized
hydraulic fluid utilized by the deadweight tester from the oil under test with MEMS sensors. It also
facilitated the testing of high-pressure and temperature sensors using up to 48 individual electrical
lines. All designed chambers adhered to the autoclave high-pressure standard specification for all
connections. The pressure of the system was continuously monitored via RS-232 communication
using an Additel 681-series high-precision gauge sensor, as illustrated in Figure 8. Furthermore, the
two interconnected chambers, processing electronic circuit, and feedthroughs are depicted.

Figure 9 illustrates the stainless-steel chamber design. The auxiliary chamber, depicted in
Figure 9(a) as a fluid separator, and the testing chamber, shown in Figures 9(b)-(e), were both de-
signed to endure 70 MPa of pressure, utilizing a finite element simulation with a safety factor of 4. The
upper chamber in Figure 9(a) corresponds to the lower chamber shown in Figure 8. Below this chamber,
the Simplex piston was attached (not shown in Figure 8). The deadweight tester provides pressure to
the piston, which pressurizes the internal testing oil in the auxiliary chamber. This pressurized oil was
then linked to the testing chamber, positioned on top of the auxiliary chamber as depicted in Figure 8.
The testing chamber was designed with a height of 4.8”, a diameter of 6, and an internal diameter of
3". Tt also featured a depth of 3.5” to facilitate sensor handling and testing. During the finite element
simulation of the stainless-steel chamber, as shown in Figure 9(c), the maximum Von Mises stress
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recorded was less than 20% of the yield tensile strength of 2.1 GPa for the AISI 302 austenitic stainless
steel [30].

~ Electronic
>3 i
circuit

A f Testing . s
s o @ chamber <
7 KL
‘)
,§E®dthrou2h
A

L
hol

Figure 9. Customized designed chambers for high pressure testing. (a) Simplex piston cylinder for fluid isolation
below the auxiliary chamber, (b) high pressure testing chamber showing four of eight feedthrough connectors,
(c) finite element simulation results from stainless steel testing chamber, (d) cross section of testing chamber
showing autoclave high pressure connectors, and (e) machined testing chamber showing internal cavity for
sensor placement.

As illustrated in Figure 6(a), four piezoresistors were aligned along the radial and circumferential
axes of the membrane in the [110] direction. Positioned at the edge of the membrane, they were
connected in a full Wheatstone bridge configuration to measure the piezoresistive response of the
pressure sensor. With the layout depicted in Figure 6(a) and a device layer resistivity of 0.015 Q-cm,
each serpentine-shaped piezoresistor exhibited a static resistance (under zero-pressure conditions)
of R, = 2500). Figure 6(a) also shows the directions of the longitudinal stress 0; and transverse
stress 0. Piezoresistors Ry and Rs are subjected to stresses that are oriented at 90 °C relative to those
affecting R, and R4. Consequently, the longitudinal stress component for Ry and R3 corresponds to
the transverse stress component for R and Ry, and vice versa. The relative change in the resistance for
each piezoresistor can be expressed as
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where v is the Poisson’s ratio of silicon, and 71; and 71; are the longitudinal and transverse piezoresistive
coefficients, respectively.

As shown in Figure 8, an electronic circuit was employed to ensure accurate calibration of the
sensor signals. Figure 10 shows the schematic circuit designed to measure the piezoresistive response of
each full Wheatstone bridge. X; and X, represent the relative resistance changes of the piezoresistive
elements, as given by Equation (1). Under conditions of zero pressure, the resistances are equal,
such that R, = R; = Ry = R3 = Ry4. The input-output relationship for the Wheatstone bridge is

expressed by
Vo RiR3 —RyRy4
V; (R1+ Ry)(R3s + Ry)
X1+ Xz
o~ 2
21+ X5 — Xp) @
. (l=vym+(v—-1)m
! .
2

The circuit design incorporates INA2126 operational amplifiers, a voltage supply of V; = 2V, and
stages for pre-amplification, offset calibration, and amplification. The total gain achieved was 76.
Given that in practice X; and X, < 1, the Wheatstone bridge exhibits minor nonlinearity, as depicted
in Figure 11 for the measured output voltage of four sensors tested up to 55 MP.

From Equation(2), the sensor sensitivity is given by

1-v)ym+(v— 1)7‘[1}‘

S = 3)

Pressure sensor

___________________________________________

R(+X) 3

R,

Full Wheaston bridge Pre-amplification Offset control Amplification

Figure 10. Electronic circuit used for the calibration and reading of the pressure sensor signals.

The implementation of the temperature sensors is intended to directly measure the operational
temperatures at the bottom of the well. This approach also compensates for minor variations in the
piezoresistive elements caused by temperature fluctuations. The design incorporates four resistive tem-
perature sensors on each die sensor, as depicted in Figures 6(a) and 7(a). Two resistors were connected
in series, and these two sets were arranged in parallel, with measurements taken from two opposite
corners. All temperature tests were conducted using a Barnstead Thermolyne 48000 electric furnace,
within a temperature range of 30 °C to 150 °C, in increments of 10 °C. Figure 12 presents the resistance
values for the four sensors, as measured using an Agilent 34401 meter.
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Figure 11. Output voltaje of pressure sensor after signal conditioning and amplification as function of pressure.

The resistance exhibited an average increase of 8.5% over the temperature range of 32 °C to 140 °C.
The quadratic approximation of the change in resistance as a function of temperature is expressed by

Ry = 60.90 4 0.01281T + 0.000276T2, (4)

where R represents the resistance in k(), and T denotes the temperature in Celsius.
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Figure 12. Resistance as function of temperature measured by four temperature sensors.

4. Discussion

The final design of the MEMS pressure sensor was determined based on the results of the finite
element simulations, as depicted in Figures 4 and 5. The MEMS structure comprises a membrane with
a diameter of 1550 ym and a thickness of 190 ym. According to the simulation results presented in
Figures 4(b) and 4(c), at a maximum applied pressure of 70 MPa, the maximum displacement at the
membrane center was 9.5 ym, and the maximum Von Mises stress at the inner edge was 1418.81 MPa
(see Figure 4(a)), which represents approximately 20% of the yield strength of silicon. Maximum
strain deformation was observed along the membrane edge, as illustrated in Figures 4(b) and 4(c),
where the four piezoresistors were positioned. The results shown in Figure 5 were used to determine
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the placement of the temperature resistors, as depicted in Figure 2(a). The findings in Figure 5(b)
for an applied pressure of 70 MPa at a constant temperature indicate a reduction in the percentage
of piezoresistance change (less than 1.6%) for the temperature resistor of Figure 2(a), compared to a
9.2% piezoresistive change for the design shown in Figure 2(b) when the temperature resistors are
located 20 ym from the edge of the membrane. The proposed design is applicable to smaller die
dimensions by positioning temperature sensors near the stress regions on the membrane edge because
of its advantageous self-cancelling piezoresistive effect.

Anodic bonding of the handle side of the SOI wafer to the Borofloat wafer is a critical step in the
fabrication process, specifically step 1), as shown in Figure 3. This bonding process requires a voltage
with a minimum activation energy of 0.97 eV to initiate the bonding effect [39]. The presence of a thick
dielectric layer of 2 ym on the SOI wafers impedes current flow through the wafers, complicating the
achievement of the requisite activation energy for bonding the handle side of the SOI wafer to the
Borofloat wafer. Although a BOX layer thickness of 380 nm has been successfully employed to bond
Borofloat and SOI wafers [40], an alternative method is required for thicker BOX layers. Most anodic
bonding systems utilize a limited current ranging from 5 mA to 15 mA for at least one minute to
achieve an activation energy on the anodic bond surface at 1000 V for silicon and Borofloat wafers of 4”.
Consequently, in step i) of the fabrication process (see Figure 3) a thin layer of chrome was deposited
in the openings. This metal layer is electrically connected to the supporting structures, facilitating
current flow during anodic bonding. The MEMS structure uses support structures at the edges of
sensor devices to withstand mechanical pressure. Without these supports, the sensing structures
might break because of the mechanical force required for the anodic bonding process. Figure 7(b)
illustrates four supportive structures at the center with BOX openings on their sides. They are flanked
by two temperature sensors on the left and right, corresponding to two distinct sensor devices. In
addition, larger structures featuring internal BOX openings are observed at the top and bottom.
Figure 7(a) also displays the final dicing regions of the device structures, which cut the supportive
structures by half.

The characterization phase was limited by the Viton O-ring employed in the testing chamber
of Figure 8, which was capable of withstanding a maximum pressure of 55 MPa. Consequently,
the pressure limit during the tests was 79% of the initial target. The results presented in Figure 11
demonstrate a maximum linear error of 4.95% at 7 MPa, which decreased to less than 3.5% upon
reaching a pressure of 24 MPa. These findings were obtained under the assumption that the Additel
pressure sensor (depicted in Figure 8) provided an accurate reading and that the temperature remained
constant at 32 °C. The measurement results of Figure 11 showed that the full-scale output of the
pressure sensor was 16.6 V and the sensitivity was 301.81 mV/MPa. During pressure testing, a
hysteresis effect was observed in the sensors, with an error of approximately 0.2 MPa following the
first high-pressure testing cycle and approximately 0.13 MPa after the second cycle.

5. Conclusions

A high-sensitivity MEMS piezoresistive pressure sensor, integrated with a temperature sensor,
was successfully designed, fabricated, and characterized for downhole applications. These sensors
are intended to facilitate the monitoring of the hydraulic fracturing process and are thus engineered
to withstand conditions of 70 MPa and 90 °C. The piezoresistive elements were effectively designed
by appropriately selecting an active layer resistivity of 0.015 ()-cm, thereby obviating the need for
an ion implantation process. Temperature resistors were successfully positioned near the edge of
the membrane of the pressure sensor owing to the self-cancellation of the piezoresistive effect by
a combination of longitudinal and transverse serpentine-like structures. The proposed fabrication
process utilizes 4” SOI wafers and, incorporates DRIE and anodic bonding techniques. The auxiliary
structures on the device layer facilitated the anodic bonding of the SOI and Borofloat wafers. A
cost-effective high-pressure testing system was developed to enable the testing of sensors at up to
55 MPa and 150 °C. The fabricated pressure sensors exhibited a linear response with a sensitivity of
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301.81 mV /MPa. Furthermore, a quadratic response of the temperature sensors was achieved, with
a maximum percentage change in the resistance of 8.5% at a temperature of 140 °C. We will further
investigate the hysteresis effect observed in both the pressure and temperature sensors.
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MEMS  Micro-electro-mechanical systems
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FBG Fiber Bragg grating

DRIE Deep reactive ion etching

BOX Buried oxide

KOH Potassium hydroxide

BOE Buffered oxide etch
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