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Abstract

The trend of miniaturization driven by the medical minimally-invasive surgery and the ability

to process large amounts of data at high speed have increased the demand for miniaturized

sensors for biomedical applications with high sensitivity and biocompatible designs at a low

price. The silicon based technology of microelectromechanical systems (MEMS) offers the

tools for batch fabricating miniaturized sensors with high accuracy and with biocompatible

materials at a reduced cost per sensor.

This thesis presents miniaturized pressure sensors, designed for catheter based

applications. The sensors use a force transducing beam to achieve a leverage effect and thus

higher sensitivity, media isolation of the detecting strain-gauges, higher temperature

compensation accuracy than traditional sensors. The beam design also allows the pressure

induced diaphragm deflection to be detected using resonant as well as nonresonant

techniques. The thesis also presents a novel diode-based detection technique that reduces the

number of electrical leads needed for temperature compensated, piezoresistively detected,

pressure sensors and thus reduces of the overall cost of the packaged sensor. Further design

development of the force-transducing beam resulted in the new H-shaped design, which

integrates the sensing piezoresistor in the beam without any current leakage between the legs

of the piezoresistor.

The leverage beam pressure sensors with a strain-gauge on the beam, results in a

nonresonant pressure sensitivity between 0.8 µV/V/mmHg and 0.9 µV/V/mmHg and the

sensors with the piezoresistor integrated in the beam is 5 µV/V/mmHg. A dual-beam

configuration decreases the relative temperature dependence mismatch from 6 % to 3 %

compared to a commercialized traditional piezoresistive pressure sensor.

The miniaturized resonant pressure sensors use the force-transducing beam, located in

the reference vacuum cavity, as a resonator. The resonance frequency is determined by

sensing the amplitude of the beam vibration either electrically, using a piezoresistor, or

optically. The resonant pressure sensitivity measures approximately 3 %/bar. It has a

compensated and an uncompensated temperature dependence of –5 ppm/°C and –40 ppm/°C,

respectively.

Keywords: Pressure sensor, miniaturized, surface micromachined, leverage beam, resonant,
catheter, guide-wire.
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1. INTRODUCTION

The electronic industry has, since the introduction of IC-technology, developed fabrication

processes and machinery enabling two-dimensional miniaturized production. Silicon was

chosen as a production material for its excellent electrical properties. The fabrication

technology, used in IC production, has been further developed into the field of

microelectromechanical systems (MEMS). MEMS technology uses the outstanding

mechanical as well as the electrical properties of the silicon material and has developed the

fabrication process for production of three-dimensional structures in the micrometer or even

nanometer range.

As for the IC-technology, the main benefit of MEMS is the size and cost reduction

made possible by the technology but also the high performance that can be achieved due to

the mechanical properties of the silicon material is of great importance. Today, MEMS

fabrication of sensors has grown to be a large industry where pressure sensors and

accelerometers for the medical and automotive markets are among the most important [1].

Other applications are temperature sensors, flow sensors and cochlear implants (medical

hearing aids).

An application for pressure sensors is the measurement of blood pressure in the

coronary artery that can be performed by using a fluid filled pressure transferring catheter and

a pressure sensor external to the body, or by using a direct measurement at the location inside

the coronary artery with a miniaturized catheter based pressure sensor [2]. By measuring the

pressure using a miniature sensor inside the artery, the time response as well as the accuracy

can be improved. The miniature sensor based measurement is also well suited for use in

balloon angioplasty [2].

Pressure sensors intended for use in medical catheter based intravascular applications

must be miniaturized in size to fit inside the guide-wire, which has an outer diameter of

0.36 mm. The catheter based pressure sensors must also have a built in reference pressure,

preferably vacuum, to avoid temperature drift due to thermal expansion of gas trapped inside

the sensor cavity.

Complexity of the sensing structures increases the cost of the silicon chip. However, as

long as the sensor can be batch fabricated, miniaturized and fabricated with a fairly high yield

the overall cost can be reduced significantly. Each silicon wafer yields tens of thousands of

chips and a more complex chip structure that demands less complex sensor-housing can

thereby reduce the cost of the sensor product. It is therefore essential that as much of the

packaging as possible and media isolation are achieved during the fabrication of the sensor.

In this thesis several pressure sensors and detection solutions for applications such as

blood pressure measurements in the coronary artery are presented. The sensor fabrication
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process is described in the appended papers and will not be repeated although it has been a

major part of the work.
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2. OBJECTIVES OF THE WORK

The main objective of this work was to invent, fabricate and evaluate novel devices and

methods to improve the performance of the guide-wire pressure sensors that have previously

been reported. The improvements should be made in respect to both production and sensing

characteristics. The fabrication techniques used must be compatible with wafer-level batch

production. The investigated designs of the devices should be feasible as guide-wire mounted

devices although the actual integration is beyond the scope of this thesis.



14 Patrik Melvås

3. CATHETER BASED MINIMALLY INVASIVE SURGERY

Minimally invasive surgery has the advantage of shorter hospital visits and is thereby less

costly. The patient recovers faster since a reduced amount of drugs is required and the surgery

is not as major. There are different tools for minimally invasive surgery such as diathermy

equipment that can be used to make cuts in the tissue and a variety of different tweezers as

well as endoscopes that allow the surgeon to visualize his work. However, most of those tools

are designed for much larger vessels then the coronary artery. Figure 1 shows a catheter based

guide-wire, inserted into the artery in the groin. It can then be positioned in the coronary

artery by using the artery itself as a path.

Figure 1: A schematic illustrating how a catheter based balloon is inserted into the
coronary artery and inflated at the location of a stenosis [3].

Pressure sensors mounted on a guide-wire and inserted through a catheter have given

the cardiologists the opportunity to measure the pressure inside the coronary artery. Sensors

and actuators for applications in the coronary artery must be very small. Typically the

diameter should be below 0.36 mm although the vessels are larger. This is because a sensor

does not only sense, it also affects the measured values and thereby interferes with the result.

The smaller the sensor is, the less it interferes. However, the sensitivity goes down and the

fabrication complexity up as the sensor becomes smaller. A schematic illustration of a guide-

wire pressure sensor is shown in Figure 2.
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0.36 mm OD guide-wire

Flexible coil Pressure sensor chip

Resonator Diaphragm

Electrical contacts

Figure 2: A schematic illustration of a guide-wire mounted pressure sensor, showing the
guide–wire application concept.

3.1 REQUIREMENTS FOR GUIDE-WIRE PRESSURE SENSORS

3.1.1 Size considerations

The demand of an outer diameter of less than 0.36 mm means that the sensor chip must have a

side length of about 150 µm or less to allow room for the housing, which sets the maximum

allowed diaphragm side to be approximately 100 µm. Since the sensor is to be inserted into

the coronary from the artery in the groin there is also a need for optical or electrical leads to

the sensor. The commercially available piezoresistive pressure sensors have a minimum of

three wires within the 0.36 mm guide-wire, connected to the sensor chip [4]. A solution to

reduce the number of wires to only two is presented in this thesis. Since the guide-wire

pressure sensors are disposable the cost is also important.

3.1.2 Temperature span

Although it might seem that the temperature in the body is stable at 37°C and the need for

temperature compensation therefore is unnecessary, there is in fact a need for handling

temperature changes as large as 20°C. Such temperature changes can occur in the blood

during the injection of contrast agent or when the sensor is removed from the patient. The

temperature compensation issues are discussed further in chapter 5.3 and papers (4–6).
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a)

b)

Strain-gauge Diaphragm
Leverage beam

  Leverage beam design

Traditional design

Isolation layer
Strain-gauge

Diaphragm

Figure 3: In the leverage beam design (a) the strain-gauges are located in the reference
vacuum cavity to achieve higher media isolation and thermal correlation of the
piezoresistors than for sensors where the sensing piezoresistors are placed on top of the
diaphragm and on the substrate (b).

3.1.3 Media isolation

The isolation of the sensor is also critical. It is important that the risk of leak current through

the patient is minimized. The regulations on these issues are described in special standards for

medical electrical equipment [5]. It is also important that the blood does not change the

measured resistance due to poor isolation of the strain-gauges or chip contacts. The chip

contacts can be isolated with silicone-based glue since they are located apart from the

diaphragm. The isolation of the strain-gauges can be made with a thin deposited non-

conducting layer of silicon nitride or silicon oxide [4, 6, 7]. This solution, as pointed out in

paper (1), is a compromise between media isolation and stiffening of the diaphragm. The

thicker the protecting layers, the less risk for pinholes and thereby leakage [8, 9]. For the

leverage beam design described in this thesis the strain-gauges are located in the vacuum

reference cavity beneath a 2 µm LPCVD deposited diaphragm, as illustrated in Figure 3. The

cavity has shown to hold its vacuum for more than 1 year indicating a highly hermetic seal.

3.2 CORONARY ARTERY BLOOD PRESSURE MEASUREMENT

3.2.1 Balloon angioplasty

Coronary artery disease (CAD) is today a leading cause of morbidity and mortality in

industrialized countries [10]. Our lifestyle and our increasingly longer lifetime results in a

larger amount of people suffering from coronary disease including arteriosclerosis, i.e. blood

flow is restricted by a stenosis. When this occurs, the heart muscle does not obtain sufficient

blood transport. A stenosis is shown in Figure 4.
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Figure 4:  The artery in (a) suffers from a stenosis. The picture (b) shows the same
artery after the stenosis is removed by balloon angioplasty and a stent is inserted [11].

To remove the stenosis and thereby give sufficient flow of blood to the heart the

cardiologist inserts an expandable balloon. This is done during the percutaneous transluminal

coronary angioplasty (PTCA) procedure. The balloon could be guided by the guide-wire that

holds the pressure sensor and in this way there is no need for reinserting a guide through the

catheter. However, this implies that the pressure sensitive guide-wire is detachable so that the

balloon can be threaded onto it. The sensor should allow this without the need for

recalibration of the sensor. Both the balloon and the pressure sensor are detectable with x–ray

to allow the surgeon to position it at the precise location of the stenosis. Once the balloon is at

the right location it is expanded by pressure, which expands the walls of the artery so that the

blood can pass more easily. To prevent the stenosis from reappearing at the location of the

dilation and to strengthen the artery, a stent can be introduced [12]. For accurate positioning

of the stent the pressure can be continuously monitored before and after the stent to determine

the location that provides the lowest flow restriction [13].

The cardiologist that treats a patient with a coronary artery stenosis must determine

whether or not the symptoms of the patient are due to the stenosis, which stenosis is causing

the effect and if a removal of the stenosis will treat the patient [2]. To make the right decision

the cardiologists use for instance X-ray images to visualize the stenosis, as illustrated in

Figure 4. One way of improving these evaluations and to reduce the risk of treating patients

where the symptoms are not caused by stenoses or removing the wrong stenosis is to calculate

the fractional flow reserve (FFR) by measuring the pressure of the blood on each side of the

stenosis [14-16]. This value is then compared to statistical data to make the diagnosis.
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3.3 PRODUCTS ON THE MARKET

There are currently two main suppliers of guide-wires for blood pressure monitoring and

FFR-measurements in the world. First on the market was Radi Medical Systems located in

Uppsala, Sweden [17]. In 1990 they introduced their fiber optical pressure sensor “Pressure

Guide”. It used an optical reflective detection technique and had an outer diameter of 0.018”.

The optical sensor was in 1997 replaced with a piezoresistive sensor that was developed at the

department of Signals Sensors and Systems, KTH. It is mounted inside a guide-wire with an

outer dimension of 0.36 mm (0.014”). The new disposable sensor is today sold by Radi under

the name “Pressure-Wire”. The physicians can detach the guide-wire from the measurement

equipment and subsequently thread the dilatation balloon onto the guide to the desired

location while the guide is still inside the artery. The other large supplier of this kind of

pressure sensors is Jomed, located in Helsingborg, Sweden. Their sensor uses a piezoresistive

detection technique and is mounted in a guide-wire with the same outer diameter of 0.36 mm.

Two other companies that sell catheter based pressure sensors are Fiso Technologies

(Quebec, Canada) and Samba Sensors (Gothenburg, Sweden). Both are suppliers of optically

detected sensors with an outer diameter of about 0.5 mm.

Figure 5: The guide-wire mounted pressure sensor from Radi Medical Systems.
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4. FABRICATION TECHNOLOGY

MEMS fabrication enables two different ways of fabricating devices, bulk and surface

micromachining. There is no distinct borderline between the two technologies. In fact many

of the processes are the same for both. As the names indicate, the bulk micromachining

machines the substrate itself, often single crystalline silicon, to create the structures while

surface micromachining uses deposition of layers on the surface. The schematic drawing in

Figure 6 shows typical diaphragm structures for the two fabrication technologies. To create

structures that need a lid, for instance sealed volumes, bulk micromachining uses bonding

technology while surface micromachining uses a combination of sacrificial etching and

deposition of the top layer. Both technologies are capable of producing a large variety of

devices such as pressure sensors, accelerometers, temperature sensors and resonators.

However, bulk micromachining, is mainly used for larger structures such as fluidic sensors

and actuators while surface micromachining is more suited for miniaturized structures and for

IC integration [18, 19].

Bulk
micromachining

Etch mask

Etch channel

Surface
micromachining

                                      (a)                                                              (b)

Figure 6: Schematic illustrations of typical structures where a diaphragm is fabricated
using (a) bulk micromachining and (b) surface micromachining technologies.
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5. MICROMACHINED PRESSURE SENSORS

A pressure sensor consists basically of a flexible diaphragm that is deflected due to a pressure

difference between the sides. For a miniaturized system, microelectromechanical systems

(MEMS) technology can be used to fabricate the diaphragm and structures in materials such

as silicon, silicon nitride and silicon carbide, with high accuracy.

The amplitude of the induced deflection, w, of a square diaphragm along the x–axis, as

illustrated in Figure 7, for an applied pressure, P, can be approximated by large-deflection

theory [20, 21] as

P
E

v

h

a

w

h

w

h
=

−
+ 


















1

4 20 1 582

4

4
0 0

3

. . ( 1 )

w x y
x

a

Ax

a

Bx

a
w

x

a

Cx

a

D x

a

w

h

( , )= = −








 + +

























+

−








 +

























0 1
4

1 4 16

12 1
4

4 16

2

2

2 2

2

4

4 0

2

2

2 2

2

4

4
0

3

2

( 2 )

where w0 is the deflection at the center of the diaphragm, calculated from equation ( 1 ), a is

the side length, h is the diaphragm thickness, E is the Young’s modulus, v is the Poisson’s

ratio and A, B, C and D are numerical constants listed in Table 1. If the deflection is small

(e.g. w0 << h), the second part of equations (1, 2) can be assumed to be negligible.

a

a

y

x
z

w0

z

x

Figure 7: To the left is a schematic top view of the diaphragm and to the right a side
view showing the notation used.

Table 1: Numerical constants used in the deflection calculations.

Notation Value
Young’s modulus, E 1.6e11 N/m2
Poisson’s ratio, v 0.3
Gauge factor, [22] Gpar 22.5
Numerical constant [20] A 0.2457
Numerical constant [20] B 0.0101
Numerical constant [20] C 0.0286
Numerical constant [20] D -0.0153



Ultraminiaturized Pressure Sensors for Catheter Based Applications 21

The pressure difference between the sides of a diaphragm can be achieved by using two

pressure inlets connected to each side of the diaphragm, a so called differential pressure

sensor. One pressure inlet connected to one of the sides while the other side is kept at a

constant pressure by sealing it at a predefined pressure can also be used and is considered an

absolute pressure sensor. Low pressure is needed since trapped gas can cause a temperature

drift of the sensor due to thermal expansion. For catheter based pressure sensors, absolute

pressure sensors are preferred since they avoids the use of a ventilation channel from the

measuring location inside the coronary artery through the blood vessels to the outside of the

patient. However, the absolute pressure sensor senses the blood pressure according to the

reference pressure while the blood pressure is created by the heart relative to the atmospheric

pressure, which means that the recorded pressure will differ with respect to, e.g. the altitude of

the measuring location or the weather. This pressure-offset is usually adjusted by a calibration

of the sensor immediately before use.

In Table 2 some earlier reported miniaturized pressure sensors for medical applications

and their characteristic data are listed. The force transducing beam pressure sensors included

in this thesis are included to compare the new sensors to the earlier reported.

Table 2: Characteristic data of reported miniaturized pressure sensors for medical
applications

Author,
[ref]

Year Detection
technique

Diaphragm
Size
l x w x t
[µm]

Pressure
sensitivity
[mmHg-1]

Application Note

Ji,
[23]

1992 Capacitive 220x420x1.6 3900ppm
(1-3fF)

Catheter CMOS

Christel,
[24]

1993 Piezoresistive 250x250x5 30µV/V Catheter

Kälvesten,
[4]

1998 Piezoresistive 100x100 2µV/V/mmHg Guide-wire Diaphragm
thickness not
stated

Tohyam,
[25]

1998 Optical 130x0.65 0.3fW/mmHg Catheter Thick structures

Hierold
[26]

1999 Capacitive 14 diaphragms
of
70µm2x.4µm

1.3aF/mmHg Implantable CMOS,
external coil

Stavros,
[27]

2000 Capacitive 450x2.4 305 ppm
(1.5fF)

Implantable CMOS,
external coil

Akar
[28]

2000 Capacitive 2 diaphragms
of 680x680x6

1553 ppm Wireless Large chip–coil

Melvås 2001 Piezoresistive 100x100x2 0.9 µV/V Guide-wire
Melvås 2001 Resonant 100x100x2 43 ppm Guide-wire Optical detection
Abeysinghe
[29]

2002 Optical 150x3.4 4 µV Medical /
automotive

Melvås 2002 Piezoresistive 100x100x2 5 µV/V Guide-wire H–beam
Melvås 2002 Piezoresistive 100x100x2 0.8 µV/V Guide-wire Dual–beam
Melvås 2002 Piezoresistive 100x100x2 0.7 µV/V Guide-wire Only 2–wires
Melvås 2002 Resonant 100x100x2 40 ppm Guide-wire All electrical
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5.1 DETECTION TECHNIQUES

The pressure that induces a deflection of the flexible diaphragm is determined by measuring

the amount of deformation of the diaphragm. Various techniques for detecting the diaphragm

deflection have been proposed. For miniaturized MEMS fabricated pressure sensors the most

commonly used technology is optically [30-32], capacitive [23] [33], piezoresistive [34, 35]

and resonant detection. All techniques has their benefits and drawbacks and the best detection

method for an application is determined by factors such as the maximum allowed chip

dimensions, environmental temperature, if electronics is to be included on the chip or separate

from the sensor and the cost and performance of the complete system.

The two first detection techniques, optical and capacitive, measure the deflection

amplitude of the diaphragm whereas the piezoresistive and resonant detection method

measures the stress that is induced in the diaphragm as it is deflected. The force transducing

beam proposed in this thesis uses the angles between the plane of the diaphragm and the

vertical plane to induce a strain shift in the beam which can be detected by either

piezoresistive or resonant detection techniques.

5.1.1 Optical detection

Optically detected pressure sensors benefit from decoupling from the electronics and can

thereby be used without any risk of inducing a current through a patient. The optical leads

(fibers) avoid picking up any electrical or magnetic signals or noise and they do not radiate

any signals that can disturb hospital equipment such as the MR-camera. However, they are

typically sensitive to fiber bending and lack temperature compensation capabilities.

The most straightforward method that uses optical detection uses the amount of light

that passes through, or is reflected, on an obstacle controlled by the deflection. This method

was used in the first commercialized catheter based guide-wire blood pressure sensor where a

reflective mirror coupled to the diaphragm was positioned at the end of a fiber in such a

manner that if the diaphragm was deflected the amount of reflected light would change, as

illustrated in Figure 8 [30, 36].
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Figure 8: Schematic drawing of a pressure sensor where the diaphragm-coupled-mirror
is used to achieve a light intensity shift that is pressure dependent [30, 36].

A more refined method is the use of an interferometric detection technique, such as the

Fabry-Perot interferometer. The Fabry-Perot interferometer consists of two semitransparent

parallel surfaces that are ideally flat, with a distance, d, apart. Due to the difference in optical

path and thus a difference in phase, light that falls perpendicular to the two surfaces results in

a reflection and a transmission that is dependent on the distance, d, the refractive indexes of

the materials and the wavelength of the light, λ [37-40]. If one of the plates is the substrate

and the other is a pressure dependent diaphragm the intensity of the transmission or reflection

can be used to detect the distance between the substrate and the diaphragm and thereby the

deflection of the diaphragm. The commercially available sensors from Fiso Technologies

(Figure 9) and Samba Sensors use this technology.
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Figure 9:  A picture showing the commercially available pressure sensor from Fiso
Technologies. The sensor uses an optical interferometric detection technique [41].

For structures with two or more layers of finite thicknesses, d, the reflection, R, and the

transmission, T, can be calculated by using Maxwell’s equation for the electrical field, E, and

the magnetic field, H, together with the definition of reflectance, Γ, and transmittance, τ, as
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where η is the refractive index and the indexes i, r and t corresponds to incoming, reflected

and transmitted light, respectively [42-44].

For a structure with a beam located on a substrate beneath a diaphragm, the reflected

and transmitted intensity could be calculated as
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where α is the light absorption factor of the different materials, β is the phase coefficient of

the different layers and Γ*, τ*  are the complex conjugates of the reflectance and
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transmittance ,respectively [42-44]. The indexes, A-G, correspond to the different layers along

the z-axis illustrated in Figure 10.

For an optically detected device, using the diaphragm deflection to modulate the

reflected light, the device should be constructed in such a manner that the derivative of the

reflection, as a function of deflection, is high. In Figure 11 the equations (3-6) are used to plot

the reflection as a function of the diaphragm displacement. It shows that to use the steep part

of the curve and to avoid the flat part at the maximum and minimum points, the design should

have a diaphragm to beam distance of about 1.8 µm for the calculated wavelength. The reason

for the small contribution of the beam to substrate interferometer is that only a small amount

of the light that is reflected back comes from this part of the structure.
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Figure 10: Schematic drawing of the reflections for a structure with a beam (layer D)
located on a substrate (layer F) and beneath a diaphragm (layer B).
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Diaphragm-Beam (nm)Beam-Substrate (nm)

Figure 11: The simulated reflection of a leverage beam pressure sensor. The reflection
changes very little with distance between the beam and the substrate since only a small
fraction of the light reaches to this part. The derivative of reflection as a function of the
distance between the beam and the diaphragm is large for certain distances. It is this
change in reflection that enables the detection. The largest derivative is measured to be
approximately 1.8 µm, 2.3 µm and so forth.

In practice, it is often very hard to determine the exact thicknesses and refractive

indexes but a change of wavelength could be a way of compensating for the fabrication

differences. However, this is not a good solution for large volume products where trimming

and calibration is costly. An externally mounted interferometric detection system could be

beneficial when used together with prototypes that can be tested in this way without the need

for including any detection system on the chip itself. An example of a system used in paper

(2) for detecting the vibration of a resonator is illustrated in Figure 12.
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Laser Detector

Figure 12: A schematic illustration of the optical detection system that was used to sense
the vibration amplitude of the leverage beam resonator presented in this thesis. The
intensity of the reflected light is fed to a spectrum analyzer to detect the resonance
frequency and thereby the applied pressure.

5.1.2 Capacitive methods

The distance between the substrate, the bottom of the cavity, and the diaphragm can also be

determined by measuring the capacitance between those surfaces. The capacitance is mainly

due to the dimensions of the structure. A capacitance in a sealed cavity without particles can

thus be expected to be stable. The thermal dependence is mainly due to the material

properties, which is expected to be low for a single material structure [45]. The capacitance

between the diaphragm and the bottom of the cavity is given by

C
h w x y

dxdy=
−

∫∫ ε

0 ( , ) ( 7 )

where w(x,y) is the deflection of the diaphragm calculated by equation (2) and h0 is the plate

distance at zero pressure [46].

Since the detecting capacitor creates an electric field between the plates, the measured

deflection will be a sum of the pressure induced deflection and the deflection caused by the

capacitive force between the plates. The influence of this force, which in applications such as

resonators could be used to excite the beams into resonance, will increase with applied

voltage and deflection, and thus with the applied pressure. If the applied voltage includes

frequencies that match any odd mode of resonance frequencies of the diaphragm this effect

would be significantly larger since the diaphragm then is excited into resonance. Resonance

interference has less of an effect on structures vibrating in an even mode of oscillation since

the area of the diaphragm moving upward and downward are affected equally but in opposite

directions [21].

It is important that the stray capacitance of the sensor is kept small and stable to achieve

high resolution. To obtain this, the leads must be fixed and it is often necessary to locate

electronics close to the pressure sensing capacitor. The integration of electronics together
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with the scaling characteristics, are reasons why capacitive detection is more unusual for

miniaturized applications than the piezoresistive detection, although its sensitivity in many

cases is much higher and its temperature dependence lower.

An alternative to on–chip electronics, such as transistors, is to integrate a transistor

within the capacitive structure. This has been reported where the diaphragm behaves as a

movable gate in a field effect transistor (FET) [33, 47-49]. As the diaphragm deflects, the

distance between the gate and the channel is reduced and the source-drain current is altered.

Such a design is reported to have a potentially high sensitivity and resolution. However, it is

also highly dependent on supply voltage and temperature.

Figure 13: Schematic drawing illustrating the traditional piezoresistive sensor design.

5.1.3 Piezoresistive detection

The resistivity of a metal thread increases as it is exposed to strain, since it becomes both

longer and thinner. For a semiconductor the resistivity is however mainly dependent on the

stress that is introduced in the material as it is exposed for deformation [45]. The resistive

change relative to the nominal resistivity and is the gauge factor, G, times the mechanical

strain of the material, ε.  The gauge factor is direction dependent and has components Gper

and Gpar for the transverse and longitudinal direction of the current flow, respectively. This

results in an expression for the relative resistance change, assuming that the resistance change

in the turn around is negligible, given by

∆R

R
G Gpar x per y= +ε ε ( 8 )

where εx  and εy are the average strain in the longitudinal and transverse direction,

respectively.
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Figure 14: A schematic top view drawing of the sensor and the measurement
configuration where the sensor is connected in a full Wheatstone bridge.

The expected output signal, Uout, from a pressure sensor with one pressure sensitive

piezoresistor connected in a Wheatstone bridge configuration (Figure 14) with a supply

voltage Us is given by

U

U

R

R

G G G
out

S

g par y per g parx x= =
+

≈
∆
4 4 4

ε ε ε
( 9 )

where R  is the resistance of each of the four resistors and the longitudinal strain of the

resistor is assumed to be the dominating factor of the resistance change [34].

5.1.4 Resonant detection

A sensor that converts an applied pressure to a frequency response can in many cases be

beneficial [50]. A frequency output with its ‘quasi-digital’ nature is more noise-immune than

the piezoresistive and capacitive detection. The sensitivity could also be improved

significantly compared to those techniques [51]. The temperature dependence is determined

only by the mechanical properties of the resonator material, not by factors such as high

temperature dependence of piezoresistors or other parts of the electronics. The frequency

output is less sensitive to spurious or parasitic influences than capacitive or piezoresistive

devices since the amplitude of the signals only are used for finding the resonance frequencies.

By designing the device in such a manner that an applied pressure changes the strain of

a resonating beam, a pressure dependent frequency response could be achieved [45, 52-54]. A

pressure–induced deflection then causes the resonance frequency of the resonator to shift. By
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detecting the resonator resonance frequency, the deflection of the diaphragm and thus the

applied pressure, can be determined.

Several methods of exciting and detecting the vibration (e.g. movement) of the

resonator have been reported [55]. Optical, capacitive and piezoresistive detection techniques

could be used for excitation as well as detection. Piezoresistive detection is preferable for

structures with small areas and where the combination of optical and electrical leads would

create a to complex and size consuming packaging. In this thesis the resonators have been

excited with capacitive techniques and detected with optical (paper 2) and piezoresistive

(paper 6) detection technologies, respectively. The optical method reduces the interference of

the excitation signal significantly but the piezoresistive method is more beneficial for a

miniaturized system that is mounted on a guide-wire.

Since two signals at different frequencies that are well separated from each other will

not interfere with each other, it is possible to make resonating devices addressable. Several

resonant sensing elements produced with different frequency ranges could be connected to a

bus and the pressure could be read from each of the sensors without the need for individual

wires to each device [56]. In the same way, the thermal drift of the transducer could be

compensated for, without the need for more wires, by combining the pressure sensitive

resonator with another non-pressure sensitive resonator that has different resonance

frequencies. The dual beam design (Figure 16) that is used to achieve a higher degree of

temperature compensation for nonresonant sensors could be used in this manner.

Although resonators introduce many benefits they are accompanied by a major

drawback, namely complexity. The amplitude of the resonator’s vibration is only a fraction of

the deflection and are thereby much more difficult do detect. As the sensors become smaller

the frequencies of the resonators become higher and the cross talk between excitation and

detection increases. The requirement of low pressure by vacuum encapsulation to avoid

squeeze film damping also increases the fabrication complexity. The complexity increases the

production cost, but if the sensor is small and the yield is high the extra cost per sensor might

be reasonable.
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Figure 15: A schematic side view of the leverage-beam pressure sensor. The bending
angle, γ, of the diaphragm, the beam lengthening, ∆X the torque, Mn the leverage
attachment height, d, and length, l, are labeled.

5.1.5 Force transducing beam detection technique

The pressure induced deflection is converted by the force–transducing beam to a strain shift in

the beam by using a torque Mn at the beam to diaphragm attachment. The achieved strain shift

is dependent on the angle, γ, and the gap distance, d, between the diaphragm and the beam as

well as the stiffness of the structure.

Differentiating the deflection in equation (2) and assuming that the beam is flexible

compared to the rest of the structure and assuming small angles (tan γ ≈ γ), the angle of the

attachment lever, γ, (defined in Figure 15) along the x-axis could be estimated as

γ
∂
∂

=
=

w x

x y

( )

0
( 10 )

Using the trigonometric relationships, illustrated in Figure 15, the lengthening, ∆X, for an

equivalent leverage attachment height, d, is calculated as

∆X d= γ ( 11 )

The pressure-induced strain εbx
in the beam is defined as

εbx

X

L
=
∆ ( 12 )
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The combination of equations (10-12) yields

ε
∂
∂b

y
x

d

L

w x

x
=

=

( )

0
( 13 )

The pressure induced strain in the leverage beam design, εbx , can be sensed by either

piezoresistive (paper 1,3-5) or resonant detection techniques (paper 2, 6).

5.2 SCALING CONSIDERATIONS

Although all the detection technologies mentioned above measure the diaphragm

deformation, their pressure sensitivity changes quite differently as the geometries are scaled

down. The sensitivity obtained by the capacitive method, which senses deflection of the

diaphragm, decreases more rapidly than the strain sensitive piezoresistive detection

technology as the side length of the diaphragm is decreased.

The sensitivity for a sensor with a square diaphragm that uses a piezoresistor on the

diaphragm for detection could, when assuming that there is no built-in stress and that the

deflections are small compared to the diaphragm thickness, be calculated as

S
R

R

P

E

a

hp = ∝
− 









∆ ( )1 2 2
υ

( 14 )

where ∆R is the pressure induced resistance change, R is the nominal resistance at zero-

pressure, P is the applied pressure, E is the Young’s modulus, ν  is the Poisson’s ratio, a the

side length of the diaphragm and h the thickness of the diaphragm [21].

The sensitivity for the same sensor using a capacitive detection could be calculated as

S
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Ed
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hC = ∝
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∆ ( )1 2 4

3

υ
( 15 )

where ∆C is the capacitance change, C and d are the capacitance and the plate distance at

zero-pressure, respectively [21].

Equation (14, 15) shows that the sensitivity of the piezoresistive sensor is proportional

to the square of the diaphragm side length, a2, whereas the capacitive sensor is proportional to

the cubic of the side length, a4. Piezoresistive detection scales thus much more favorably than

the capacitive. It also indicates that to keep the same sensitivity as the side of the diaphragm is

reduced, a thinner thickness of the diaphragm could be used. However, when designing a

pressure sensor one should be aware that although it might seem obvious that a thin

diaphragm is preferable it could also cause problems such as stiction and lower yield [57].

The problem of stiction arises especially if a thin diaphragm is used in combination with a

shallow cavity. Even though stiction could be avoided during fabrication by different rinsing
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and freezing methods it could appear if a pressure induced deflection becomes larger than the

cavity depth [58].

Even though piezoresistive detection scales more favorably than the capacitive detection

the capacitive will have a sensitivity that is one or two orders of magnitude higher than that of

a piezoresistive sensor, for a sensor with a diaphragm side of 100 µm [59]. Thus the reason

for using piezoresistive detection is thus not only the scaling of the sensitivity but rather the

amplitude of the detection signal.

The capacitance of a miniature sensor will be much smaller than the parasitic

capacitance and a movement of bonding wires or connecting cables could easily produce

greater noise amplitudes than the applied pressure would cause [45]. For instance, the

capacitance at zero overpressure would be approximately 45 fF for a 100x100x1 µm

diaphragm and cavity depth of 2 µm; a pressure difference of 1 mmHg would change only a

fraction of this value (0.04 fF for a pressure sensitivity of about 800 ppm/mmHg). This means

that on–chip electronics are required to amplify the signal [21]. On–chip transistors or CMOS

circuits would however increase complexity and size. However, the nominal resistance of a

miniature piezoresistor could easily be fabricated with a rather low (1–5 kΩ) impedance.

Piezoresistive detection is thereby more noise-immune than capacitive detection, which for

miniature sensors has a high impedance. The piezoresistive detection also achieves a fairly

high output signal if used in a bridge configuration. The same pressure change of 1 mmHg

would for instance result in a change of 20 µV for the H-shaped piezoresistive leverage beam

pressure sensor in paper (3) measured in a bridge configuration with a voltage supply of 4 V.

5.3 TEMPERATURE COMPENSATION

Since a sensor typically does not measure only one phenomenon, those parameters or sensed

phenomena that disturb the output signal must be compensated for [60]. Optical, capacitive

and resonant detection techniques can have a temperature dependence that is only dependent

on the mechanical properties, of the sensor [61-63]. To minimize this effect the sensors

should ideally be fabricated with one kind of material to avoid thermally induced stress and

the cavity should be vacuum-sealed to avoid trapped gas, etc.

The piezoresistive detection suffers from an inherently high temperature dependence,

which causes a variation in the output signal and zero-pressure offset of the sensor [60, 64].

To compensate for this a pressure insensitive piezoresistor could be placed on the sensor for

temperature measurement.
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Figure 16: A schematic drawing of the new temperature compensated strain-gauge
beam pressure sensor.

Piezoresistive pressure sensors are typically connected in a full Wheatstone bridge

configuration. The bridge configuration does not only reduce the offset caused by the large

part of the resistances that are common for all four of the resistors it can also be used for

temperature compensation since the common signal in two branches is cancelled out. A

bridge configuration with perfectly matched piezoresistors would thus result in a temperature

independent device [61, 65-68].

The temperature sensitivity for piezoresistive sensors is dependent on the material

properties such as the doping material and amount of doping etc. Since those properties are

fabrication dependent it is critical that the fabrication parameters for both the pressure and

temperature sensing piezoresistors are as identical as possible. It is also important that the heat

that is generated by the piezoresistor is transported away in the same amount for both

resistors. A design where the piezoresistors are located on similar beams inside the reference

vacuum cavity, as illustrated in Figure 16, where only one is pressure sensitive is described in

paper (4). This design obtains more matched piezoresistors than the traditional design with the

passive piezoresistors on the bulk silicon. This can be accomplished due to the similarities in

the fabrication and the thermal behavior.  The fabrication pattern can be made identical and

the diffusion of the doping material is in the dual beam design limited for both of the beams

whereas the diffusion difference would be harder to control for the bulk piezoresistor in the

traditional design. The thermal environment for the piezoresistors in the leverage-beam design

are both surrounded by low-pressure (vacuum) and the thermal transportation thus mainly

occurs through the beam attachment points. For the traditional design the piezoresistor on the

diaphragm is isolated from the bulk by the cavity below the diaphragm whereas the bulk

piezoresistor have a high thermal conductance to the substrate. The thermal behavior of the
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dual-beam design is in Figure 17 and 17 compared to the traditional design. The difference in

temperature dependence mismatch in Figure 17 might not look significantly different.

However, if taking the temperature dependence factor (the steepness of the curve) in

consideration the relative temperature dependence mismatch is about 3–4 % for the new

design compared to 6–7 % for the traditional, as illustrated in Figure 18. Measuring the

temperature with the pressure insensitive piezoresistor, could compensate for the temperature

dependent offset that is due to for instance the difference caused by the temperature

dependence of the sensitivity for the pressure sensing piezoresistor. The output signal can be

adjusted by an active correction of the signal.
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Figure 17: Shows the mismatch in temperature dependencies for the piezoresistors in
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5.3.1 Diode-based two wire solution for piezoresistive detection

A traditional temperature compensated piezoresistive pressure sensor would need at least

three wires if the piezoresistors are connected in a half bridge and four if connected in a full

bridge configuration. However, the detection technique for temperature compensated

piezoresistive sensors that is presented in this thesis requires only two connecting leads.

(a)

(b)

(c)

Figure 19: Schematic drawings illustrating the two-wire solutions with (a) the dual-
diode configuration, (b) the diode in series with the pressure sensing element and (c) in
series with the temperature sensing element.

The reduction of leads is achieved by adding silicon based pn-junction diodes to the

piezoresistive pressure sensors as illustrated in Figure 19. The diodes can be reverse and

forward biased by changing the polarization of the supply voltage, Ub, as illustrated in

Figure 20. By controlling the polarity of the applied bias for the dual diode configuration the

current can be switched to go through either of the pressure and temperature–sensing elements

during different phases of the operation, as illustrated in Figure 21. There are, as illustrated in

Figure 19b and 18c two different single diode configurations. The configuration in Figure 19c

is preferred since the pressure sensitivity is unaffected although the temperature compensation

is slightly dependent on the pressure.
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Figure 20: Schematic circuit of the sensor in the (a) temperature and (b) pressure
operating modes illustrating how the applied voltage is used for switching between the
sensing elements. The pressure, Rp, and the temperature sensing piezoresistor, RT, is
connected in series with the diodes Dp and DT, respectively.
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Figure 21: Illustration of the applied voltage over the sensor, Ub, and the current
through the pressure the temperature sensing elements, Ip, It , respectively during the
temperature and the pressure measurement phases.
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To reduce the offset and thereby improve the sensitivity the diode-based piezoresistive

sensor should be connected in a modified full Wheatstone bridge configuration, as illustrated

in Figure 22. The added diodes in the passive branches (n=1, 2, 4) are compensating for the

diode forward voltage of the diode.

(a)                                    (b)

RB1R1

VF1

UOut

+

U2

+

RB2 RB4

+

U4

n=1

n=2 n=4

UB

n=2

n=1

n=4

UOut

UB

I1

Id4

IB1

Figure 22: A schematic drawing of the bridge configurations used for (a) the single
diode configuration and (b) the dual diode configuration. The right hand side of each
branch is denoted with the index B and each branch is indexed by the letter n. The
sensor chip is connected to the third branch (n=3) of the bridge.

5.3.2 Temperature compensation for piezoresistive detected resonators

Although the resonator presented in this thesis has a high pressure-sensitivity and a low

temperature dependence of only –40 ppm/°C it still requires temperature compensation. In

this thesis a method that uses the same piezoresistor to detect both the pressure and the

temperature is proposed. In this method the inherently high temperature dependence of the

piezoresistor is to be regarded as a feature rather than a drawback, which usually is the case

for piezoresistive pressure sensors.
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Figure 23: A schematic illustration showing the principle of detecting both the pressure
and the temperature during (a) frequency sweeping with the same piezoresistor by
separating the output signals in (b) an AC and (c) a DC part. The temperatures, T1 and
T2 that are obtained by the DC-offset, V1 and V2, and are used to compensate the
temperature dependence of the resonator,α. The resonance frequencies, f1 and f2, are
obtained from the AC part of the signal and the pressures, P1 and P2, by using a pre-
determined pressure dependence factor, β, of the sensor.
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The proposed detecting technique uses a separation of the output signal, Uout, from a

piezoresistor, connected in a full Wheatstone bridge configuration, into an AC and a DC part

by using a low-pass and a high-pass filter, respectively. A schematic illustration of the system

is drawn in Figure 23. The resonance frequency of the force-transducing beam is determined

by the AC-voltage. Since the temperature dependence of the piezoresistor causes an offset in

the output signal, the DC-part of the signal, which is much higher than its pressure induced

offset, of the signal can be used to compensate for the low temperature dependence of the

resonator.

By using this technique the number of resonators could be kept to one and the pressure

sensing leverage beam resonator could be fabricated in an optimized location along the center

of the diaphragm. A more thorough description of this method is presented in paper (6).
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6. LEVERAGE BEAM PRESSURE SENSORS

The force-transducing beam sensor (Figure 24) not only provides a good isolation of the

strain-gauges it also achieves a leverage effect by using the beam to diaphragm attachment as

a lever. The commercialized piezoresistive miniaturized absolute pressure sensor design,

illustrated in Figure 13, accomplishes a leverage effect by separating the strain-gauge from

the diaphragm by an insulating layer to obtain an increased pressure sensitivity [4]. However,

the thickness of such an insulator also stiffens the diaphragm, thus reducing the sensitivity. In

the proposed leverage beam design the stiffening can be reduced since the height of the lever

does not influence the diaphragm. A simulation in Figure 25 shows an optimum of the

sensitivity for a separation between the beam and diaphragm of about 1.6 µm. The lower

sensitivity for longer lever arms is believed to be due to the weakness of the attachment point.

Figure 24: A SEM photograph showing the fabricated pressure sensor where the top
diaphragm is shaped by the force transducing beam and the piezoresistor.
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The amount of strain that the leverage beam sensor is inducing into the leverage beam

due to the deflection of the diaphragm is dependent on the bending angle of the diaphragm.

The bending angle of the diaphragm, derived by equation (10), is dependent on the location of

the diaphragm. The pressure-induced strain is thus dependent on the location of the

attachment point of the beam to diaphragm attachment. In Figure 26 a numerical simulation

of the pressure sensitivity for a resonant leverage beam sensor as a function of the beam

length, showing a maximum at a beam length of about 80 µm, is plotted. The same optimum

is found for the piezoresistive leverage beam pressure sensors. For the dual-beam design the

beam was moved off the center axis of the diaphragm to make room for the temperature-

compensating beam. By moving the pressure sensing beam off center the pressure sensitivity

is decreased, as illustrated in Figure 27.
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Figure 25: Numerically simulated pressure induced strain as a function of gap distance

between the pressure sensitive diaphragm and the force–transducing beam. The simulation

was made using Ansys and shows a maximum strain at a gap of 1.6 µm. The measured result

is shown for the gap distance of 1.6 µm.
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Figure 27: A numerical simulation on the sensitivity for a leverage beam pressure
sensor as a function of the attachment distance from the centerline.
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The surface micromachined leverage beam pressure sensors have been evaluated by

using reference pressure sensors from Speidel & Keller, Wenzel and Motorola, temperature

regulating chamber from Thermotron and several temperature sensors from different

suppliers. The measurements have been conducted with the help of Labview programs that

automatically stored the data from the different sensors and reference equipment into a file-

format that is compatible with Matlab programs. The computerized setup has been shown to

be of great help in the research presented in this thesis. A short summary of the characteristic

data for some of the leverage beam pressure sensors can be found in Table 3.

Table 3: Sensor characteristics for a miniaturized pressure sensor that uses a traditional
design, leverage beam design and leverage beam with temperature compensation.

Notation Traditional
design

Piezoresistive
Leverage beam

Compensated
dual beam

The H-shape
beam

Resonant beam

Paper 1 4, 5 3 2, 6
Diaphragm size
[µm * µm]

A 100x100 100x100 100x100 100x100 100x100
/150x100

Diaphragm
thickness
[µm]

td 0.4  [34] 2 2 2 2

Pressure
Sensitivity
[µV/V/mmHg]

Spu 16 * [34]
(0.6)

0.9 0.8 5 40 ppm/mmHg
/
43 ppm/mmHg

Relative Pressure
sensitivity
[µV/V/mmHg]

Spc 0.6 0.9 0.8 5 40 ppm/mmHg
/
43 ppm/mmHg

TCR
uncompensated
[ppm/°C]

TCRu 620 250 930 ___ -40 **

TCR
compensated
[ppm/°C]

TCRC 40 ___ 30 ___ -5 ***

Relative thermal
mismatch

e 6% ___ 3% ___ ___

Nominal
resistance

R0 2.7 kΩ 1.2 kΩ 1.3 kΩ 1.2 kΩ ___

* Corresponding to 0.6µV/V/mmHg for a diaphragm thickness of 2 µm [21].
** The temperature dependency of the resonator [Hz / MHz /°C]
*** The temperature dependency of the resonator after un–passive compensation [Hz / MHz /°C]
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6.1 PIEZORESISTIVE LEVERAGE BEAM PRESSURE SENSORS

6.1.1 Theory

The pressure induced strain for the piezoresistive leverage beam sensors is detected by strain-

gauges located on top of the beam, as illustrated in Figure 24. Since the thickness of the

strain-gauges makes the beam thicker at the location of the strain-gauges, the sensed strain is

lower than the strain in the beam. Assuming that the strain caused by bending of the beam is

negligible compared to the leverage effect and that the strain in the beam along the x-axis is

proportional to the thickness of the beam, the strain in the piezoresistor, εgx
, is given by

ε εg
b

b g
bx x

t

t t
=

+
( 16 )

where tb and tg are the thicknesses of the beam and strain-gauge, respectively, and εbx is the

strain in the beam calculated from equation (12).

Beam to
diaphragm
attachment

Etch
channels

40�µm

P
ressure beam

Tem
perature beam

Piezo-
resistors

Figure 28: A SEM micrograph of a fabricated dual–beam pressure sensor. The top
diaphragm is shaped by the underlying beams and piezoresistors.
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For a piezoresistive leverage beam sensor coupled in a full Wheatstone bridge configuration

the expected output signal, Uout, is derived using equations (9, 12-14) as

S
U

P U

t

t t

G d

P L

w x

x
out

bridge

b

b g

par

y

= =
+ =4 0

∂
∂
( ) ( 17 )

where P is the applied pressure, Ubridge is the bridge supply voltage, Gpar is the longitudinal

gauge factor, d is the leverage height, L is the beam length and ω(x) the pressure induced

deflection in equation (2).

6.1.2 The free–hanging strain gauge

To further enhance the pressure sensitivity, which is achieved by the leverage effect, a new

beam, the H–shaped beam, was developed (Figure 29). The sensitivity is increased as the

beam thickness is decreased since the structural stiffness thereby is decreased. Piezoresistive

strain detectors can be made within the beam by patterned doping of the beam but that would

give currency leakage and local strain variations [45]. Such a solution would also require a

highly restricted thermal budget in order to reduce the diffusion of the doping material. In this

thesis a beam that has been patterned to the shape of the letter ‘H’ is proposed to integrate the

strain-gauge in the beam itself, as is illustrated in Figure 30 and Figure 31. By using the

free–hanging strain gauge the pressure sensitivity was significantly improved.

Isolation layer
Strain-gauge

Diaphragm

(a)

DiaphragmFree hanging strain-gauge

(c)

Strain-gauge DiaphragmLeverage beam

(b)

Figure 29: Traditional piezoresistive pressure sensor design, (a), with the piezoresistor
encapsulated on top of the diaphragm. An improved design, (b), with a leverage beam
that enables better encapsulation of the strain-gauge and less stiffening of the
diaphragm [69]. The new design, (c), with a free-hanging strain-gauge that reduces the
stiffening even further.
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Figure 30: A schematic drawing of the free-hanging strain–gauge pressure sensor
design.

I
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Figure 31: A schematic drawing showing the origin of the active strain-gauge part.



48 Patrik Melvås

6.1.3 Piezoresistive beam pressure sensor characteristics

The piezoresistive leverage beam pressure sensors were evaluated by connecting them in a

full Wheatstone bridge configuration, as illustrated in Figure 14. The sensor and the sensing

elements together with the reference sensing equipment were located inside a pressure

chamber with electrical feedthroughs. The measured pressure sensitivities of two different

leverage beam pressure sensor designs together with a traditional sensor are presented in

Figure 32. All sensors have a diaphragm area of only 100x100 µm. The leverage beam

sensors are 2 µm thick whereas the traditional have a thickness of 0.4 µm. The traditional

pressure sensitivity is thus scaled to the same thickness of 2 µm using the theoretical scaling

characteristics of equation (14). The leverage beam, that detects the strain in the 1 µm thick

beam and has a piezoresistor on top of the beam, has a pressure sensitivity of

0.9 µV/V/mmHg. The improved force transducing H-shaped beam with the beam dimension

80x40x0.4 µm measures a sensitivity of 5 µV/V/mmHg. The leverage beam pressure sensor

designs achieve a higher sensitivity than the traditional. The H-shaped beam obtains about 8

times the sensitivity relative to the traditional sensor. The pressure sensitivity of the dual-

beam configuration, which was used for temperature compensation purposes, shows a

pressure sensitivity of 0.8 µV/V/mmHg, as illustrated in Figure 33.
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Figure 32: Measured pressure sensitivity for three different types of miniaturized
pressure sensors: a reported miniaturized sensor scaled to the same diaphragm
thickness[…] [4, 21], a 1 µm thick rectangular leverage beam [69] and a suspended
0.4µm thick H-shaped strain–gauge [ ].
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Figure 33: Measured pressure sensitivity for a reported miniaturized sensor scaled to
the same diaphragm thickness [•••][5,7] and a 1 µm thick temperature compensated
dual–beam pressure sensor [—].
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6.1.4 Two-wire pressure sensor characteristics

The diode-based two-wire detection technique was demonstrated using a piezoresistive dual-

leverage beam pressure sensor. The measurements were conducted using a modified

Wheatstone bridge configuration, as illustrated in Figure 22. The temperature compensated

pressure readout is obtained from one measurement cycle consisting of the temperature and

pressure measurement phases. The compensated pressure signal as a function of applied

pressure for temperatures of 22°C and 37°C is plotted in Figure 34. The overlapping curves

illustrate the high degree of temperature compensation achieved. The uncompensated forward

output signal is also plotted in the same figure, illustrating both the temperature effect of the

piezoresistor and the low pressure-sensitivity of the single-diode sensor during the

temperature measurement phase. In the presented diode based two-wire solution the

sensitivity for the dual-beam pressure sensor is 0.7 µV/V/mmHg. A more detailed description

of the measurement results is presented in paper (5).
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Figure 34: Measured output signals as a function of pressure for the compensated
pressure and for the temperature-sensing mode (current passing in the forward
direction of the diode) at temperatures of 22°C and 37°C.  The pressure-sensitivity of
the compensated signal is 0.7 µV/V/mmHg.
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6.2 RESONANT LEVERAGE BEAM PRESSURE SENSOR

6.2.1 Theory

The theory for the resonant detection is very similar to the piezoresistive detection since both

techniques sense the beam strain. The pressure-induced deflection is transduced to strain in

the resonating beam via the beam-diaphragm attachment point. This strain shift causes a shift

of the resonance frequency of the encapsulated beam. The approximate frequency is given by

f
H

L

E L

H
= + +( )











2

42 7
1

2

72 0

2

2π ρ
ε ε

. ( 18 )

where L is the length of the beam, ρ is the mass density, E is Young’s modulus of the

polysilicon resonator, H is the beam thickness, ε0 is the built in stain and ε is the pressure

induced strain via the attachment point [70, 71]. However, the resonance frequency of the

leverage beam pressure sensor only converts the pressure to a frequency response and it

thereby gives a mechanical rather than optical or electrical output. In order to detect the

mechanical vibration two different detection techniques, optical interferometeric and

piezoresistive, were used.

6.2.2 Resonant beam pressure sensor characteristics

The optical externally mounted detection system that was used for the first resonant leverage

beam structure since it achieves less cross talk between excitation and detection and could be

used with a less complex structure. However, such a detection system would not be suitable

for guide-wire based sensors. A piezoresistive detection of the beam resonator was therefore

implemented. To take advantage of the optical detection system for verifying and adjusting

the all-electrical system a sensor was first characterized with the optical system and then with

the electrical system that is schematically illustrated in Figure 35. The sensors that were used

for this were designed with an enlargement at the center of the beam to increase the optical

reflection and with a piezoresistor for the electrical detection. The resonance frequencies of

the three leverage beam structures are illustrated in Figure 36.  The Q-values of the resonators

reported in this thesis measure below 100 and high resolution is thus not achieved. Earlier

reported studies shows Q-values of above 10,000 for polysilicon resonators [72]. The reason

for the low values in the fabricated sensors is believed to be the silicon nitride layer that is

located on the underside of the resonator.
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Figure 35: A schematic drawing of the sensor in the measurement configuration. The
pressure sensitive resonator is capacitively excited between the beam and the substrate.
The detecting piezoresistor is coupled in a full Wheatstone bridge and the output from
the bridge, Uout, are separated in an AC and DC part by using a high–pass filter, HP,
and a low–pass filter, LP, filter, respectively. The AC part is coupled to a spectrum
analyzer to determine the resonance frequency and thereby the pressure. The DC part is
coupled to a multimeter to determine the DC-offset and thereby the temperature.
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Figure 36: Measured frequency spectrum showing the resonance frequencies for (a) a
130 µm long and 40 µm wide and (b) a 80 µm long and 40 µm wide leverage-beam with
an enlarged width in the center of the beam to increase light reflection when used with
an optical detection system. The piezoresistive detected sensor (c) has an 80 µm long
and 40 µm wide beam.
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The piezoresistively detected resonant sensor has a temperature dependence of

–40 ppm/°C for the beam resonator, as illustrated in Figure 37. The temperature dependence

of the resonator is thereby much lower than the temperature dependence of the piezoresistor,

which measures 800 ppm/°C. However, it is not small enough to be neglected but since the

resonating technology offers high pressure–sensitivity the demand of the temperature

compensation accuracy is lower than for the piezoresistive. The temperature compensation of

the piezoresitive detected resonant beam pressure sensor uses the high pressure to temperature

sensitivity ratio and the fact that the piezoresistive detection suffers from both low pressure

sensitivity and high temperature sensitivity, which normally is regarded as a drawback. The

temperature dependence of the resonator is compensated by measuring the temperature with

the piezoresistor.
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Figure 37: Measured temperature dependency for the piezoresistive resonant pressure
sensor. The resonator has a temperature dependence of –40 ppm/°C. The temperature
dependence of the piezoresistor, which is measured with the DC-part of the output
signal, is about 800 ppm/°C.

The chip temperature is measured with the DC–offset that is caused by the temperature

dependence of the piezoresistor and the resonance frequency is obtained from the AC-part of

the signal, as illustrated in Figure 35. The frequency output as a function of pressure at

temperatures of 23°C, 40°C and 50°C and the temperature compensated output, which results

in a temperature dependence of  –5 ppm/°C, are illustrated in Figure 38.

The measured frequency as a function of pressure, plotted in Figure 38 shows the excellent

pressure sensitivity that can be obtained by this method despite the large polysilicon

diaphragm thickness used. The pressure sensitivity is measured by the piezoresistor on the

resonating beam to 3 % /bar, as illustrated in Figure 39. The sensitivity is about 20 times

higher than the earlier reported pressure sensitivity for the commercialized miniature pressure

sensor with non-resonant piezoresistive detection.
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7. SUMMARY OF APPENDED PAPERS

In the appended papers design, fabrication, simulations and measurements of different

miniaturized leverage beam pressure sensors and configurations are presented. The papers are

given in chronological order. Paper 1 presents the miniaturized leverage beam pressure sensor

for the first time and emphasizes on the achieved media isolation and leverage effect. Paper 2

presents the resonant leverage beam pressure sensor and thereby the first all surface

micromachined resonant leverage beam pressure sensor. Paper 3 introduces the H-shaped

beam, which significantly improves the pressure sensitivity. Paper 4 presents a dual-beam

design that achieves a more accurate temperature compensation for piezoresistive pressure

sensors. Paper 5 presents a novel technology based on pn-junction diodes for reducing the

connecting electrical leads for guide-wire mounted pressure sensors. Paper 6 presents an

all–electrical resonant leverage beam pressure sensor and a method for temperature

compensation of piezoresitive detected resonators by using the AC and DC part of the signal

separately.

Paper 1

The paper presents the first surface micromachined ultraminiaturized, highly sensitive,

pressure sensor that utilizes a force-transducing beam. The 2 µm thick polysilicon pressure

sensing diaphragm is used as an encapsulation layer for media isolation of the sensing

piezoresistor. A beam is attached to the diaphragm at one end and to the cavity at the other

end. The pressure induced diaphragm deflection is transduced to strain in the beam and

sensed by a piezoresistive strain-gauge on the beam. The force transducing beam achieves a

leverage effect. The pressure sensing performance was measured to 0.9 µV/V/mmHg.

Paper 2

The first study on an entirely surface micromachined resonant beam pressure sensor is

presented. The resonating beam of 130x40 µm is fully enclosed inside the reference vacuum

cavity formed beneath the diaphragm to allow miniature chip-size. The pressure sensitivity is

3.2 % /bar with a beam resonance frequency of approximately 700 kHz. The resonant

frequency of the force-transducing beam was measured with optical interferometric detection.
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Paper 3

A new piezoresistive force-transducing beam is introduced. The presented free hanging strain-

gauge obtains an integrated piezoresistor in the beam without the current leakage that are

reported for indoped piezoresistors. The beam, which is patterned as the letter ‘H’ or ‘U’, is

used to increase the pressure sensitivity of a leverage beam pressure sensor significantly. The

new beam also achieves a less complex fabrication since less layers are needed. The pressure

sensitivity of the sensor with a H-shaped 0.4 µm thick force-transducing beam was measured

to be 5 µV/V/mmHg.

Paper 4

A dual beam design is presented. The dual beam configuration accomplishes a high match

between the pressure sensing and temperature compensating piezoresistors and thereby lower

thermal dependence. This is done by locating the piezoresistors on separate beams, one

pressure sensitive and one pressure insensitive Both beams are located inside the reference

vacuum cavity and the heat transfer is thereby mainly through the beam support. The

diffusion of the dopant during the fabrication is also limited. The dual-beam design enables a

combination of high pressure-sensitivity (0.8µV/V/mmHg), environmental isolation and a

decrease of the relative temperature dependence mismatch from 6 % to 3 % compared to a

commercialized traditional piezoresistive pressure sensor.

Paper 5

A novel two-wire solution for ultra miniaturized temperature compensated piezoresistive

pressure sensors is presented. The technique makes it possible to measure both pressure and

temperature separately by using bias-controlled diodes as switches between the pressure and

temperature sensing elements. The new detection solution enables a reduction of conducting

leads from three to two in combination with high pressure-sensitivity (0.7 µV/V/mmHg). Its

simplicity, the potential for size reduction due to fewer bonding pads and conducting wires

makes it ideal for applications such as disposable blood pressure sensors where cost and size

are critical parameters.
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Paper 6

The electrically detected and excited temperature compensated resonant beam pressure sensor

is presented. The temperature compensation is conducted by using the DC part of the output

signal to measure the temperature and the AC part to measure the pressure. The signal from

the piezoresistor that is normally used to sense the vibration of the beam is here also used to

obtain the temperature of the sensor by using the DC-offset caused by the temperature

dependence of the piezoresistor. The new design enables high temperature compensated

pressure-sensitivity without the need for an extra resonator to measure the temperature. The

sensor has a pressure sensitivity of 3 %/bar, a compensated temperature dependence of

–5 ppm/°C, an uncompensated temperature dependence of –40 ppm/°C and a resonance

frequency of approximately 1.4 MHz.
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8. DISCUSSION AND OUTLOOK

During this work, miniaturized pressure sensors feasible for in-vivo blood pressure

measurements have been studied. The main objectives, which were to develop and investigate

solutions that could improve the performance of the pressure sensors that have been reported,

have been fulfilled. Both the sensing characteristics and the production aspects were looked

upon. The force–transducing beam design proposed in this thesis has increased the

complexity of the structure and added one lead in the sensing chain by mechanically

converting the diaphragm deflection to strain in the beam. However, the new design increases

sensitivity, media isolation, thermal matching of the piezoresistors and has the ability to be

sensed by resonance detection techniques.

The pressure sensors and detection methods presented in this thesis all work as high

performance pressure sensing devices. However, there are some modifications that still need

to be performed before the sensors are suitable for industrial production. These mainly

include optimization, integration of several solutions proposed in this thesis and also

improvements of the resonator’s Q–value. Especially the integration of the novel two-wire

detection solution and the H–shaped force–transducing beam would be of commercial

interest, since it both reduces the production cost and increases the sensitivity.

A variety of fabricated leverage beam pressure sensors are presented in this thesis. They all

represent different solutions to typical problems for miniaturized pressure sensors. Where

each sensor is emphasizing on specific details such as the media isolation, pressure

sensitivity, temperature compensation and reduction of connecting wires. The miniaturized

leverage beam pressure sensors that are presented in this thesis can be divided into two

groups, the piezoresistive and the resonant. The resonant pressure sensors represent high

pressure–sensitivity and low temperature dependence and seem to be ideal. However, a

piezoresistive H-shaped beam in a dual-beam configuration and in combination with the novel

diode-based detection system can also achieve fairly high pressure-sensitivity and reduces the

number of leads, which means lower production costs. In the end the choice of sensing device

will be a trade off between performance and production cost.
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