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Populärvetenskaplig sammanfattning
”Miniatyriserad keramisk trycksensor till ett system för analys av
kolisotoper för utforskning av andra planeter”
Johan Söderberg Breivik

Utomjordiskt liv har varit en fråga som mänskligheten förundrats över i många århundraden. Dagens
rymdfarkoster och portabla mätinstrument för oss kanske närmare svaret än någonsin. Innan själva
sökandet kan börja är det några frågor som måste ställas:
”Vad är utomjordiskt liv?” och ”Hur hittar vi det?”
Liv, som vi känner till, är kolbaserat och behöver vatten. Kolatomer finns i olika varianter – isotoper. De
vanliga kolisotoperna för jordeliv är kol-12 (12C) och kol-13 (13C). Kvoten mellan dessa skiljer sig för liv och
icke-liv, då upptaget av kol-12 är större för liv än för icke-liv. I t.ex. koldioxidkällor på Mars, kan detta
förhållande mätas och ge en fingervisning om det finns jord-liknande liv eller inte.
På Ångström Space Technology Centre (ÅSTC) forskas det om just detta. Ett projekt kallat OGIIR går ut på
att tillverka ett miniatyriserat chip som ska analysera kolisotoper. Chippet innehåller en plasmakälla,
plasmaprober, en förbränningskammare och sensorer kring dessa. Detta examensarbete går ut på att
utveckla en trycksensor som integreras på detta chip för att hjälpa till att underhålla och övervaka övriga
komponenter. Beräkningar, design, tillverkning, utvärdering och karakterisering av sensorerna utförs för
att studera prestanda och utbyte.
Att skicka saker till rymden och vidare till andra planeter är väldigt kostsamt. Rymdraketens
uppskjutningskostnad är proportionell mot dess vikt. Genom att tillverka saker i mikroskala (tusendels
millimeter) kan vikten och alltså kostnaden minskas drastiskt. Det klassiska materialvalet vid tillverkning
av instrument i mikroskala är kisel, det näst vanligast förekommande materialet i jordskorpan (efter
syre). Avgörande för materialvalet till detta projekt är förbränningskammaren som används i chippet,
den utvecklar värme över 1000 °C, vilket kisel inte klarar av utan att förlora viktiga mekaniska och
elektriska egenskaper. Istället används High-Temperature Co-fired Ceramics (HTCC), vilket är en grupp
keramiska material, ofta i form av tejper som sammanfogas vid en hög temperatur tillsammans med
metalliska ledarmaterial.
Trycksensorn består av en tunn platinatråd som leds igenom en kammare. Mätningen sker enligt Piraniprincipen där tråden värms upp och kyls av beroende på hur många gasmolekyler som kan leda bort
värmen. Oftast innebär fler gasmolekyler ett högre tryck, och vice versa, varför trycket erhålls om
avkylningen mäts. I detta arbete mättes avkylningen genom att mäta trådens skillnad i resistans, vilken
ändras med temperatur.
i

Sensorn tillverkades genom att ett antal tejplager med frästa kammare och integrerade platinatrådar
sammanfogades till en fast kropp i en ugn vid 1550 °C. Ett flertal sensorer med varierande storlekar
tillverkades för att se vilka faktorer som påverkade prestandan.
Sensorerna karakteriserades genom att mäta temperaturförändringen på den uppvärmda tråden, vilket,
som förklarades tidigare, beror på hur väl den omgivande luften kyler tråden – som i sin tur är baserat på
trycket. Resultatet visade att sensorn ger en bra lättolkad responskurva. Mätkänsligheten studerades
som funktion av strömstyrka och kammarvolym. Det visade sig att storleken på kammaren ökade
känsligheten. Strömstyrkan (vilket medför en högre trådtemperatur) ökade också känsligheten.
Tillverkningen gav ett högt utbyte, även fast det finns några steg att optimera för bästa resultat – som
t.ex. trådlinjering över kammaren.
Slutsatserna som kan dras är:





En sensor, gjord i HTCC med integrerad platinatråd, har tillverkats med bra resultat.
Känsligheten ökar med större kammarvolym och högre strömstyrka.
En lättolkad responskurva vid det studerade tryckområdet erhölls.
Platinabondtråd kan integreras som ett värmeelement i en Pirani-sensor och överleva extrema
temperaturer.

ii

Prologue
Olympus Mons, the largest known mountain, with interspersed meteorite crates big enough to fit Mount
Everest, reaches 26,000 meters above the rusty surface of planet Mars.

225 million km from Earth. November 5th 2038, 6 am.
Dawn of the red planet,
Heavy steps. Heavy breaths. There is still a couple of thousand meters to the top, the top of the solar
system. Every step on the dry rock surface chafes the feet in the large astronaut boots. Whipping winds
of iron oxide patter on the gold plated visor of the helmet. The low-pressure atmosphere is dangerous;
just a small crack would have fatal consequences. The mission would be a great success, if only the
extraordinary discovery of the microorganism, encountered underneath the huge meteorite crates, can
be reported back to the landing zone.
It all started with a master student’s thesis at the Ångström Laboratory in Uppsala, Sweden. The year
was 2015 …

iii

Table of Contents
Abbreviations ............................................................................................................................................... vii
Pressure Conversion Table ........................................................................................................................... vii
Chapter 1 Introduction ................................................................................................................................. 1
1.1 Planetary Exploration .......................................................................................................................... 1
1.2 The Ångström Space Technology Centre ............................................................................................ 2
1.3 Scope and Approach of Thesis ............................................................................................................ 2
1.4 Background .......................................................................................................................................... 2
1.4.1 Microelectromechanical Systems................................................................................................. 2
1.4.2 MEMS Pressure Sensors ............................................................................................................... 3
1.5 High-Temperature Co-fired Ceramics ................................................................................................. 3
1.6 Previous Work ..................................................................................................................................... 4
Chapter 2 Theory .......................................................................................................................................... 5
2.1 Pirani Principle ..................................................................................................................................... 5
2.2 Heat Transfer ....................................................................................................................................... 5
2.4 Sensor Signal Output ........................................................................................................................... 7
Chapter 3 Design .......................................................................................................................................... 9
3.1 Design Overview .................................................................................................................................. 9
3.2 Quality Function Deployment ............................................................................................................. 9
3.3 Component Design ............................................................................................................................ 10
Chapter 4 Materials and Methods ............................................................................................................. 13
4.1 Manufacturing ................................................................................................................................... 13
4.1.1 Screen Printing ........................................................................................................................... 13
4.1.2 Milling ......................................................................................................................................... 14
4.1.3 Wire Threading ........................................................................................................................... 15
4.1.4 Stacking and Lamination ............................................................................................................ 16
4.1.5 Sintering...................................................................................................................................... 17
4.2 Characterization ................................................................................................................................ 18

iv

4.2.1 Sensor Preparation ..................................................................................................................... 18
4.2.2 Sensor Characterization ............................................................................................................. 18
4.2.3 Thermography ............................................................................................................................ 22
4.2.4 X-ray............................................................................................................................................ 22
Chapter 5 Results........................................................................................................................................ 23
5.1 Manufacturing ................................................................................................................................... 23
5.1.1 Screen Printing ........................................................................................................................... 23
5.1.2 Milling ......................................................................................................................................... 24
5.1.3 Wire Threading ........................................................................................................................... 24
5.1.4 Lamination .................................................................................................................................. 25
5.1.5 Sintering...................................................................................................................................... 26
5.2 Characterization ................................................................................................................................ 28
5.2.1 Measurement Modes ................................................................................................................. 28
5.2.2 Device Response ......................................................................................................................... 29
5.2.3 Thermography ............................................................................................................................ 32
Chapter 6 Discussion .................................................................................................................................. 35
7.1 Future Work ...................................................................................................................................... 36
Chapter 7 Conclusions ................................................................................................................................ 37
Chapter 8 Acknowledgements ................................................................................................................... 39
References ................................................................................................................................................... 42
Appendix A .................................................................................................................................................. 44

v

vi

Abbreviations
CAD

Computer-aided Design

HTCC

High-Temperature Co-fired Ceramic

LTCC

Low-Temperature Co-fired Ceramic

MEMS

Microelectromechanical Systems

MST

Microsystems Technology

OGIR

Optogalvanic Detection of Isotope Ratios

PCB

Printed Circuit Board

ÅSTC

Ångström Space Technology Centre

Pressure Conversion Table
Table 1. Pressure conversion table.

Units
1 Pa

Pa

≡1

𝑁
𝑚2

Torr

bar

atm

0.007501

0.00001

0.000009869

0.001333

0.001316

≡

1
𝑎𝑡𝑚
760

1 Torr

133

1 bar

100000

750.06

≡ 100 𝑘𝑃𝑎

0.9869

1 atm

101325

760
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Chapter 1

Introduction
1.1 Planetary Exploration
Planetary exploration, the search for extraterrestrial life… Human curiosity has pushed technologies for
many decades. Perhaps, the most intriguing question about space, still unanswered: Is there life out
there?
Life, as we know it, is carbon based and requires water. So, an appropriate start is to search for traces of
these. In more detail, the ratio of 12C to 13C is different for life and non-life. Life has a bigger uptake of 12C
than non-life, and if there is, or has been, life on other planets, the same ratio of carbon isotopes for
Earth-like life is expected [1].

Figure 1. The surface of Mars (left) and Jupiter's moon Europa (right). Courtesy of NASA/JPL-Caltech.

Mars is the best candidate for space missions due to its similarities and proximity to Earth. Studies
suggest that there has once been abundant water flowing in channels on the surface [2]. If there once
was water on Mars, there is a possibility that there has also been life.
Jupiter’s moon, Europa, is another good example of a planet on which there might be traces of life. Its
surface is covered by a layer of ice, and scientists believe that under this ice crust, there could be oceans
[3]. On these places, the ratio of 12C to 13C can give answers to if there was or is Earth-like life.
- So, how can a sample from Mars or one of Jupiter’s moons be analyzed?
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Besides a costly sample return mission, a light-weight, yet sensitive analyzer instrument may be sent
there. This work focuses on developing a component to a lab on a chip for that purpose.

1.2 The Ångström Space Technology Centre
This master thesis is carried out at the Ångström Laboratory at Uppsala University, Sweden. At the
Department of Engineering Sciences, the Ångström Space Technology Centre (ÅSTC) is a research group
that specializes in microelectromechanical systems (MEMS) for space applications. Their research is
aimed at decreasing size and mass to reduce cost of space explorations without compromising
performance, also while getting an understanding of how the implemented miniaturized systems are
affected by the harsh space environments.

1.3 Scope and Approach of Thesis
At ÅSTC, a project called OGIIR is aiming at developing and integrating components able to detect carbon
isotopes, into a single device, a so called lab on a chip. This chip will have a plasma source [4], plasma
probes [5], temperature, flow, and pressure sensors, valve filters, a fluidic system, and a combustion
chamber [6-7]. The plasma source will analyze gas from the combustion chamber using optogalvanic
spectroscopy, to acquire information about carbon isotope ratios. This master thesis aims at developing
a pressure sensor, which uses the Pirani principle, to monitor and measure gas pressures in a cavity
connected to the combustion chamber – in the range of 1-10 Torr.
The thesis includes theory, design, fabrication and characterization. Theoretical calculations will
determine if the Pirani principle is a feasible method. Designing consists of determining the
manufacturing and geometric parameters to be able to obtain a final design scheme. By finally
fabricating and characterizing the sensors, performance as a function of cavity size, power and pressure
can be concluded.

1.4 Background
1.4.1 Microelectromechanical Systems
Microelectromechanical systems (MEMS) technology comprises components with sizes typically ranging
from one micrometer (µm) to several millimeters (mm). The main purpose of a general MEMS
component is to sense or actuate while sending or receiving a signal. Being on the micrometer scale
gives many advantages:






Easy to fit many components on one chip.
Samples used for measurements can be very tiny.
Inexpensive with large volume production.
Robust components thanks to advantageous physical properties such as low inertia.
Low energy consumption

MEMS components are today used everywhere, from an accelerometer in a cellphone to a bioelectrochemical sensor for DNA hybridization. The most used material for microsystem components is
silicon [8], which is one of the most abundant elements in Earth’s crust. It exhibits good mechanical
strength. In addition, fabrication processes for silicon are mature and well documented.
2

However, silicon has some disadvantages for high-temperature processing and use. Above 150 °C,
sensors that use PN junctions exhibit increased current leakages [9]. Above 500 °C, the material will
weaken [9]. Above 800 °C, silicon can undergo plasticity. Finally, silicon melts at 1400 °C. So, for extreme
environments and high-temperature processing, silicon is not a suitable material.
1.4.2 MEMS Pressure Sensors
Pressure sensors for MEMS applications are commonly made of silicon, and usually use the principle of
deformation of diaphragms caused by pressure changes. The deformation of the diaphragm is converted
into an electrical signal which is measured. The diaphragm is normally placed above a pressurized cavity,
and the pressure is obtained by, e.g., measuring the capacitance between the diaphragm and the cavity
floor, or by measuring the resistance change in the deformed material. [8]
Microscale Pirani gauges are used for measurements in the 750-7.5 x 10-4 Torr range [10]. The gauges are
mostly made from micromachined silicon wafers, where the sensing element uses materials such as
platinum, silver, tungsten, and nickel [11].

1.5 High-Temperature Co-fired Ceramics
On OGIIR’s lab on a chip, the components that are the most dependent on material choice are the
plasma source and the combustion chamber. Low-Temperature Co-fired Ceramics (LTCC) is a method for
manufacturing monolithic devices and electronics carrier substrates. The LTCC materials usually consist
of a tape with ceramic grains, dissolved in a polymer matrix together with a glass phase. Green tapes can
be laminated and fired whereon the polymer is removed while the grains and the glass phase sinter
together. High-Temperature Co-fired Ceramics (HTCC) is similar to LTCC except for being fired at higher
temperatures, around 1600 °C compared to 850 °C of LTCC. (Thanks to the higher glass content used in
LTCC green tapes, the firing temperature of 850 °C is enough [12].) HTCC also has some restrictions in the
use of conductor material; a refractory metal must to be used [12]. The combustion chamber, included in
OGIIR, produces heat up to 1000°C, which LTCC is not able to sustain. HTCC has better material
properties, Table 2, which is an important aspect here. Hence, the choice of material for the OGIIR lab on
a chip and all its components is HTCC.
Table 2. Comparison of LTCC and HTCC made with alumina [12].

Property
Young’s Modulus
Thermal Conductivity
Thermal Coefficient of Expansion
Firing Temperature

3

LTCC
HTCC
(Al2O3)
(Al2O3)
152
275
3
20.3
5.8
6.57
850
1600

1.6 Previous Work
Various studies over the world have presented different LTCC sensors for high-temperature
environments; different structures with varying performances and results have been tested [9].
However, HTCC sensors for extreme processing and environments are not common. They have been
tested using the traditional capacitive sensing technique for measuring pressure, with reasonable
sensitivity, though at temperatures of about 600 °C [13]. Silicon carbide and polycrystalline diamond
pressure sensors have been reported to be high-temperature materials. However, the problem is that
manufacturing schemes are not developed [14].
R. Kuljic et al. have fabricated Cr/Au resistors on silicon nitride and used them as a vacuum gauge
utilizing the Pirani principle. Different sizes and resistor powers were experimented with, yielding
relative resistance changes of 1-2% for the pressure range of 1-10 Torr. [15]
M. Doms et al. have fabricated a Pirani pressure sensor and studied various distances from the sensing
element to the substrate. In the pressure range of 1-10 Torr, a relative signal change of about 1% was
obtained, though the target pressure range in this study was near atmospheric pressure. [16]
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Chapter 2

Theory
2.1 Pirani Principle
A Pirani gauge is a thermal-conductivity-type pressure sensor that measures pressure in vacuum
systems. It basically consists of a heated metal filament (often a wire) inside a cavity.
The wire is heated and the heat loss from the wire to the ambient gas is proportional to the molecular
density in the gas [17]. The higher the pressure, the more gas molecules there are conducting heat away
from the wire. The resistance of the heated wire changes with temperature. Therefore, by measuring the
change in resistance, the pressure can be determined.
There are two more common main operation modes used. One mode consists of keeping a wire at a
constant resistance, i.e., at a constant temperature. Constant resistance can be set and controlled with
the help of a Wheatstone bridge. By measuring the current, i.e. heating, needed to keep the resistance
constant at different pressures, the pressure can be determined.
The second mode is where the wire is heated cyclically to a certain temperature threshold. At this, the
voltage is turned off and the wire is cooled. The cooling depends on the thermal conductivity of the gas,
i.e. the pressure. By measuring the cooling rate, the pressure can be calculated.
In this thesis, the wire will be heated and the temperature change, i.e., the resistance change, will be
measured.

2.2 Heat Transfer
The mechanisms for heat transfer between a warm object to its ambient are: solid conduction, gas
conduction, and thermal radiation.
A comparison between the three heat transfer mechanisms will indicate the different contributions in
this application (regarding a ceramic chip with integrated platinum wire). This assumes a perfect heat
gradient and a hermetically sealed cavity with no impact from the outer atmosphere; this comparison is
focused on how the heat dissipates.

5

The solid conduction, 𝑄𝑠 , which is the thermal conduction along the wire to the contact points, is given
by Fourier’s law of heat transfer:
𝑑𝑇

𝑄𝑠 = −𝑘𝑃𝑡 𝑑𝑥,

(2.1)

𝑑𝑇

where 𝑘𝑃𝑡 is the conductivity for platinum and 𝑑𝑥 is the temperature gradient between the wire and the
contact point.
The heat loss contribution from air conduction, 𝑄𝑔 , is approximated with radial thermal conduction [18]
in air from the wire to the inner cavity walls, following the equation (derived from Fourier’s law of heat
transfer):
𝑄𝑔 = 𝐹𝐿 𝑘𝑎𝑖𝑟 ∆𝑇,

(2.2)

where 𝐹𝐿 is the geometric form factor calculated by E.Hahne and U. Grigull [19], k air is the conductivity
of air approximated by G. Ediss [20], and ∆T the temperature difference between the platinum wire and
the ambient air.
The radiation, 𝑄𝑟 , is calculated by multiplying the black body radiation equation with the emissivity, 𝜖, of
platinum:
𝑄𝑟 = 𝜎𝑇 4 𝜖,

(2.3)

where 𝜎 is Stephan-Boltzmann constant, and 𝑇 is the temperature of the wire.
For a cavity with a cross section of 400 µm (width) X 600 µm (height), the contributions of the heat
transfer mechanics, from a 2000 µm long wire heated to 100 ℃, calculated with an assumed emissivity
from platinum of 0.473 the thermal conductivity of platinum of 73.35

𝑊
𝑚𝐾

[21], and at the pressure of 1

torr, is, for convection, 𝑄𝑔 , conduction, 𝑄𝑠 , and radiation, 𝑄𝑟 : 989 mW, 1.44 mW, 0.08 mW,
respectively. So, the largest heat transfer contribution, by far, will be the air convection, making the
Pirani principle promising.
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2.4 Sensor Signal Output
A typical sensor gives an output signal that is measured and then translated to a value of the measurand.
The sensor feedback will, in best case, be linear, Figure 2.

Figure 2. Linear-response sensor sensitivity graph

The sensitivity, ζ, is defined as the slope of the given signal over the measurand. A greater slope will give
a bigger signal change to a smaller change in the measurand. Above the detection limit, the smallest
measurable change is given by the equation
𝑑𝑀 =

𝑑𝑆
,
ζ

(2.4)

and is limited by the sensitivity ζ. Thus, a greater sensitivity makes a smaller measurand reading possible.
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Chapter 3

Design
3.1 Design Overview
The device includes a cavity, through which a thin wire is suspended. The wire is electrically connected to
an embedded conductor stripe. A schematic outline is presented in Figure 3.

Figure 3. A 3-D cross section of the design, with half the device transparent, left. Top view of the device, right.

List of definitions:





Vias – Drilled holes enabling electrical cables to reach the conductor stripes.
Cavity – The chamber where the wire is free from contact with the walls.
Conductor stripes – Platinum conductor pads, enabling a current to be driven through the wire.
Pt wire – A platinum wire suspended through the cavity, from one conductor stripe to another.

3.2 Quality Function Deployment
Quality Function Deployment (QFD), is a method to learn what design aspects are the most important
regarding performance of a system. The product performances are matched against the designed
parameters to see what properties are the important ones and the ones which should be further
considered. This is shown in Figure 4.
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Figure 4. Table showing the requirements (ordered with the most important going from top to bottom) of the device being
affected by the design parameters, marked with an “x”.

In the column to the left, the requirements of the sensor performance are ordered with the most
important aspect ranging from top to bottom. The x:s mark which design parameters affect the sensor
requirements. The design parameters will be varied, such as:





different wire length and cavity sizes to study the differences in response.
the wire being driven with different currents, resulting in different wire temperatures.
doing measurements in an equilibrium system, so that the cavity-channel connection (the
distances) and the orientation will not matter.
using a four-point measurement to nullify the contact resistance.

3.3 Component Design
Taking manufacturing limits into account, some different designs were planned to match the QFD
scheme. A platinum (Pt) connection batch baseline, consisting of 500 µm wide conductor stripes was
designed. Figure 5 shows the design of the 500 µm wide conductor stripes, ordered in 4 quadrants of 2.5
x 2.5 mm. The conductor stripes are repeated with 500 µm in between, to make it possible to
manufacture devices with varying wire length.
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Figure 5. CAD mask of the conductor stripes design.

Figure 6 shows the CAD mask which marks the vias and cavities to be milled on the alumina sheet and
then stacked (with the wire clamped between two tapes). The cavities’ widths range from 400 µm to
1500 µm with lengths of 2000 µm or 3000 µm. Some designs contain an air channel, Figure 6, (right), in
order for the cavity to assume the ambient pressure. The specific sizes for each designed device can be
seen in Appendix A, where the device name is in the form B_QX, where: B is the batch number; Q is the
quadrant of the sheet, starting with A-B on the top row and C-D on the bottom row; and X is the position
of the device in the quadrant, 1-2 on the top row and 3-4 on the bottom row.

Figure 6. CAD mask of the vias and cavities to be milled (left) and a layer that includes an air channel (right).
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Figure 7 shows the stacking scheme of the printed and milled tape sheets. Layer I only contain alignment
holes and acts like a supporting bottom piece. Layer II, III and V has the milled structure as seen in Figure
6 (left) while layer IV has the milled structure as seen in Figure 6 (right). Layer VI is the top of the stack,
including only vias and alignment holes. The number of layers is limited by the height of the lamination
chamber but large enough so that the wire can make bends during the chip shrinkage during sintering,
with little risk of touching the cavity ceiling.

Figure 7. Scheme of the layer stacking structure (middle of fig.) with embedded platinum wire between layer II and III
(bottom left of fig.).
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Chapter 4

Materials and Methods
4.1 Manufacturing
A total of 3 batches were manufactured. The first two batches contained 16 devices each while the last
batch contained 7 devices. A total list of manufactured devices can be found in Appendix A.
4.1.1 Screen Printing
Screen printing is an old art, tracing back to cave paintings during the Stone Age[22]. The screen printing
used in this manufacturing process uses a variety of modern tools. Platinum paste (5574-A, ESL, USA) is
printed on alumina tape, by squeezing the paste through a stainless steel meshed patterned screen
(Screen Tech a Division of Laser Tech A/S, Denmark), using a doctor blade or a rubber squeegee, Figure 8,
left. The alumina tape is pinched between a glass plate and the steel screen, aligned so that the printed
pattern deposits right on the tape. Figure 8 shows how the paste is scraped over the patterns on the
mask. The tape and paste then dry in an oven at 50 °C for about 15 minutes.

Figure 8. Platinum paste placed just above the structures to be printed (left). After printing, the paste has covered the mask
and pushed through the openings in the steel mesh (right). NOTE! This picture is from another component manufacturing.
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4.1.2 Milling
A PCB plotter, Figure 9, (ProtoMat S100, LPKF, Germany) was used to mill the structures in the alumina
tape. The vias were drilled with a circular 1.1-mm diameter drill, with a spindle speed of 70,000 rpm
(LPKF Drilling, Milling and Routing Tools, LPKF, Germany). The cavities of different rectangular shapes
were milled with a 0.25-mm diameter RF End Mill, with a spindle speed of 60,000 rpm and a feed speed
of 3 mm/s (LPKF Drilling, Milling and Routing Tools, LPKF, Germany).
The computer software CircuitCAM 6.1 was used for making a scheme of the drilling and milling tracks.
The file with the scheme was exported to BoardMaster 5.1.214, which is ProtoMat’s software. In
BoardMaster, the tools were chosen to match the marked tracks. The alumina sheet was fastened with
sticky tape on a plastic board to keep it in place during milling. With the high rotation speed, the drill
head removes the alumina all the way through the 150 µm thick tape.

Figure 9. ProtoMat S100, LPKF Laser & Electronics AG, Germany, milling structures in the alumina tape.
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4.1.3 Wire Threading
For the Pirani gauge type pressure sensor manufactured here, the heating filament consists of a platinum
wire (P14834PM, Semiconductor Packaging Materials, USA), on top of the printed platinum conducting
stripes, stretching over the cavities. Different methods for wire alignment were tested: extra holes in line
with the cavity were drilled to thread the wire through, giving stability and keeping the wire stretched in
place, Figure 10 (top).
The second method includes placing the “wire holes” so the edge of the hole is aligned right with the
center of the cavity, Figure 10 (bottom). By threading the wire through one of the holes, over the cavity
and out through the other hole, it will be aligned over the cavity. The wire gets held in place and
stretched by placing sticky tape over the wire ends.

Figure 10. Two wire alignment schemes showing the center aligned wire holes (top) and the side aligned holes (bottom).
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4.1.4 Stacking and Lamination
Lamination is a process where multiple layers of a material get stacked and bonded into one piece with
the help of temperature and pressure. It strengthens the material and gives it better mechanical
properties. The lamination in this manufacturing was done after the wire had been threaded in position
and the layers arranged in a particular order, Figure 7.
The lamination is performed in the in-house built iso-static pressure chamber, Figure 11. The batch is
sealed in a vacuum bag and loaded into the chamber. The chamber is sealed and submerged into a
heated water bath at 70 °C. The chamber is filled with water and pressurized using a high-pressure pump
(515 HPLC Pump, Waters, USA) to 200 bars and kept there for 10-15 minutes after having stabilized at 70
°C.

Figure 11. In-house built isostatic pressure chamber for lamination purposes.
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4.1.5 Sintering
Before sintering, the batch was cut into single devices using a scalpel. After sintering, that process would
be more challenging since the alumina tapes will have become a monolithic ceramic piece which is
harder to cut.
The batch was fired in a hot air furnace following a heat profile, Figure 12. The temperature was stepped
up to a maximum temperature of 1550 °C, which was reached in about 50 hours. At temperatures up to
550 °C, the binder material was burned off, and then the sintering of the alumina grains started.

1600
1400
Temperature [°C]

1200
1000
800
600
400
200
0
0

20 Time [h] 40
Figure 12. Sintering profile
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4.2 Characterization
4.2.1 Sensor Preparation
Each device was glued (Karlsons universalklister, Karlsons Klister, Sweden) onto a piece of Veroboard
(Vero Electronics Ltd, USA), a board with drilled holes for electronic connections, Figure 13. Regular,
insulated cables were soldered onto the Veroboard so that when it is connected to the device,
mechanical impact will not destroy the electrical connections. The vias go right down to the platinum
conductor stripes in layer II of the device. The holes were then filled with silver epoxy (Circuit works
conductive epoxy CW2400, Chemtronics, USA) and the stripped cable put in there. The silver epoxy was
cured for 24 hours at room temperature, after which the filled vias together with the cable became a
solid contact.

Figure 13. A fully prepared device. The numbers show the: (1) Veroboard, (2) a via with a cable inserted and filled with silver
epoxy, and (3) the chip glued to the Veroboard.

4.2.2 Sensor Characterization
The devices were tested while a number of different factors varied: pressure, current and voltage. The
voltage and current were changed to give the most optimal signal without fusing the wire. Table 3 shows
the measurement parameters that were changed during characterization.
Table 3. Measuring parameters for the prepared devices.

Device
1_A3
2_A2
2_C1
2_A3
2_B2
2_B4
3_B1
3_B2

Pressure range
(Torr)
760
1.5-100
1.5-100
1.5-100
760
1.5-100
1.5-100
1.5-100

Current (mA)
300
138
138
138
0
41,56,83,104,109
138
138
18

Voltage
(V)
8.5
8.5
8.5
8.5
0
8.5
8.5
8.5

Type of
measurement
IR
Resistance change
Resistance change
Resistance change
X-ray imaging
Resistance change
Resistance change
Resistance change

The finished devices, Figure 14, were placed in an in-house built vacuum chamber, connected to the
electrical circuit used for reading the measurements, Figure 15. The chamber could reach the pressure
range of 1.5-500 Torr, according to the reference gauge. The range used for characterization was 1.5-100
Torr.

Figure 14. Prepared devices on the way to the vacuum chamber for measurements.

Figure 15. In-house built vacuum chamber with reference pressure gauge (Granville-Phillips 275 Mini-convectron, MKS
Instruments, USA).
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An electrical circuit using the four-point measurement technique was used.

Figure 16. Electrical circuit used for measuring the resistance change of the pressure sensor.

The part of the circuit inside the dotted line was used to make sinewave voltage which was used instead
of a constant voltage to obtain a more sensitive reading of the resistance change in the wire, making the
current alternating, also as a sine wave. The current ran from the TTI QL355P power source of 8.5 volts
to the top connection of the sensor and through the wire, heating it, and further on through the open
transistor. The voltage over the known resistor was measured (at contact 3). Then, as follows, using
Ohm’s law:
𝑈 = 𝑅𝐼,

(4.1)

the current was calculated. Since the current is the same over the circuit, the resistance of the wire can
be calculated, again according to eq. (4.1).
When the voltage is alternating, the voltage will reach a maximum and a minimum value, the difference
between them is the peak-to-peak value. The peak-to-peak value will be affected by how much the
ambient gas can cool the sensor element, since its resistance will change while the current is constant.
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Resistance Measurment
The wire was heated with a mean current of 138 mA. It was given five minutes to reach heat equilibrium
before a measurement was made. Then the pressure was adjusted and five more minutes were given to
stabilize the sensor. Two measurement runs were made, 7 resistance changes were measured when the
pressure was 2, 8, 16, 32, 64, 128, 256, and 500 Torr.
To save time between resistance measurements, a new measurement mode was tested. A Pt-100
element was put on the chip to measure heat conduction from the wire to the alumina chip. The chip
was placed on a steel heat sink with heat paste between the contact areas. To enable connections, the
heat sink had to be elevated, why it was put on a bigger heat sink of brass, Figure 17. With a bigger
thermal mass and better conductivity, the measurements could be done in a couple of seconds, and the
wire was unable to heat the whole chip.

Figure 17. Chip mounted on a heat sink in the vacuum chamber.

The current was switched on and the signal was given a second to stabilize, then, before the chip was
noticeably heated, a measurement was made and the current was switched off (to avoid unnecessary
heating). The pressure was changed, with pressure values of 1.5, 4, 8, 16, 32, 64 and 100 Torr, and
another reading was conducted, the same way.
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4.2.3 Thermography
A sensor with an opening in the top layer was inserted into another vacuum chamber with a zincselenide glass view port, which is transparent to long-wave infrared light. The wire was heated with a
mean current of 130 mA while recording with an infrared camera (A40 FLIR, USA) with a magnifying lens
providing 8 µm spatial resolution at 50 mm distance. ThermaCAM Researcher Professional 2.8 SR-3 was
used to analyze the data and plot the heat distributions.
4.2.4 X-ray
An x-ray inspector tool (XTV 130, Nikon, Japan) with 56 keV acceleration and 78 µA current was used to
evaluate the batch quality after lamination and sintering.

22

Chapter 5

Results
The results are shown in three different subsections: manufacturing, measurement and IR imaging
results.

5.1 Manufacturing
5.1.1 Screen Printing
Figure 18 shows the green tape after being printed with platinum paste through the screen and dried in
the oven for 15 minutes. An alignment mark is missing in the top left, and the nearby conductor stripes
have a somewhat increased width.

Figure 18. Screen printed alumina green tape with stripe-patterned platinum paste, used in every batch manufactured.
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5.1.2 Milling
Figure 19 shows the screen printed green tape where alignment holes and cavities have been milled. The
wire alignment holes were added in this step and can be seen next to the cavities.

Figure 19. Milled and drilled alumina green tape, used in batch 2.

5.1.3 Wire Threading
The results from two of three wire threading techniques are shown, Figure 20 and Figure 21. With the
first technique used, the wire has been placed over the cavity without any tools to keep it centered,
Figure 20 (left). With the second technique, the wire has been threaded through a drilled hole which has
its center aligned to the center of the cavity, Figure 20 (right). As a result, the wire gets more centered.

Figure 20. X-ray image, from after lamination, of the wire stretching free over the cavity (left) from a test batch with wire
alignments, and the wire being stretched through holes (right) to be centered over the cavity, device 2_B2.
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In Figure 21, the drilled holes’ sides have been aligned with the center of the cavity. The wire is stretched
to that side of the hole and thus the wire is centered over the cavity.

Figure 21. X-ray image of the wire threaded through an edge-aligned hole, from device 3_B2.

5.1.4 Lamination
The lamination process gave an aligned six-tape stack with 24 devices.
The x-ray study showed the result of the wire threading and the layer alignment. As the green tape stack
shrinks during lamination whereas the wire does not, the latter curls inside the cavity, Figure 22.

Figure 22. X-ray image of device 3_B1 after lamination.
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5.1.5 Sintering
The sintering results show the devices after firing.
Compared with the state of the device after lamination, Figure 22, several things have happened. The
walls of the vias have teared the conductor stripes apart, the wire has notches and kinks possibly
stemming from creep deformation. The entire chip shrunk even more, making the wire cave more inside
the cavity, Figure 23.

Figure 23. X-ray image of device 3_B1 after sintering.

In Figure 24, the embedded air channel going straight through the chip can be seen. The walls have
begun to bulge into the air channel.

Figure 24. X-ray image of device 2_C2, showing the air channel.

From Table 4, the total yield is shown. The devices are categorized as working or not working. Some of
the working devices have defects, presented in Appendix A.
Table 4. Showing the total yield, with or without defects.

Batch

Manufactured Devices

Measurable

Yield

1
2
3

16
16
7

9
13
6

56%
81%
86%
26

Defect Devices
5
1
0

Yield without defect
25%
75%
86%

The dimensions for a selection of devices after sintering compared to the designed dimensions are
presented in Table 5. Due to shrinkage during lamination and sintering, the devices’ dimensions are
smaller than the designed ones.
Table 5. Device shrinkage after the sintering process.

Device
1_A3
2_B2
2_D3

Length (µm)
Width (µm)
Designed Actual Designed Actual
3000
2557
800
646
2000
1633
1000
774
3000
2514
500
369
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5.2 Characterization
5.2.1 Measurement Modes
The device behaved with a noticeable hysteresis, Figure 25, when using the slower measurement
technique.

Relative resistance change

0%

Run 1
Run 2

-5%
-10%
-15%
-20%
-25%
1

10
100
Pressure [Log10Torr]

1000

Figure 25. Resistance change versus pressure with the first measurement mode, device 2_D4.

For the second mode measurement technique, after the heat sink was added, the same device exhibited
a different behavior, Figure 26. This pressure-induced behavior was reproduced in two measurement
runs.
0%
Run 1

Relative resistance change

-2%

Run 2

-4%
-6%
-8%
-10%
-12%
-14%
-16%
-18%
1

10
Pressure [Log10Torr]

100

Figure 26. Resistance change versus pressure with the second measurement mode, for device 2_D4.
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5.2.2 Device Response
For devices with different cavity volumes, ranging from 0.53 mm3, to 1.98 mm3, with a logarithmic
pressure axis, a linear behavior with different sensitivities is observed, Figure 27. Data points from four
measurement runs were included for presenting the performance variation of the devices, which were
run with the same current.
b)
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Relative resistance change

Relative resistance change
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Cavity volume:
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-6%
-8%
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1
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Pressure [Log10Torr]

1

100
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-10%
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-4%
-6%
-8%
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1.98 mm3

-12%
-14%

1

10
Pressure [Log10Torr]

100

1

10
Pressure [Log10Torr]

100

Figure 27. Resistance change as a function of pressure for different devices: a) Sensor 2_C1, b) 2_A2, c) 3_B2 and d) 3_B1.

To compare the sensitivity from the different cavity volumes, Figure 27, the slope of the first part of
these graphs (i.e. the resistance change of 1.5-16 Torr) cavity volume is plotted, Figure 28.
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This sensitivity is increasing when the cavity volume is increasing. One exception was observed for the
first measuring point that had a larger sensitivity than two of the devices with larger volume.

x10-2

Sensitivity [ohm/log10Torr]
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14
12
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2
0

1

2
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Figure 28. Sensitivity versus cavity volume over the pressure range of 1.5-16 Torr, with a polynomial trend line fitted.

To observe the sensitivity as a function of current, device 2_B4 was measured with alternating the mean
current, Figure 29.

30

0%
-2%

Relative resistance change

-4%
-6%
-8%
-10%
-12%
109mA
104mA
83mA
56mA
41mA

-14%
-16%
-18%

1

10

100

Pressure [Log10Torr]

Figure 29. Curves with mean currents of 41, 56, 83, 104, and 109 mA are plotted as relative resistance change versus pressure.

The pressure-induced behavior, higher relative resistance change and sensitivity, changed as the mean
current increased; a higher current gives more response. The sensitivity (in absolute values) in the
pressure range of 1.5-16 Torr, as a function of current, is presented in Figure 30. The sensitivity is rapidly
increasing with increasing mean current. Further increased currents caused the wire to fuse.
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Figure 30. Sensitivity versus mean current over the pressure range 1.5-16 Torr is plotted, with an exponential trend line fitted,
device 2_B4.
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5.2.3 Thermography
Results from thermography present the heat distribution for both the wire element and the substrate.
The largest heat emission from the wire was observed at its main bend, Figure 31 (left). The lowest
emission was observed where the wire was in contact with the cavity wall, Figure 31 (right). This also
corresponds with the heat distribution of the substrate material which exhibits a high heat emission at
contact with the wire.

Figure 31. IR image (left) and x-ray image (right) of the cavity and wire of sensor 1_A3.

Figure 32 shows that one side of the cavity has a higher temperature than the other side, because of the
wire being in contact with the wall of that side of the cavity, which can be seen in the x-ray image in
Figure 31. It also shows that the part of the wire not being in contact with the cavity wall has the highest
temperature due to not being able to give heat away through conduction.
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A difference can be seen between the temperature profiles from line 1 and line 2 near the center of the
cavity, Figure 32. Line 1 passes over the most heated part of the platinum wire.
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Temperature [°C]
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Measuring points (distance of data line)
Figure 32. IR Image (left) and the temperature profile (right) across wire and cavity at two places, (Line 1 and 2).
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Chapter 6

Discussion
A difficult step in the manufacturing process was the wire threading, aiming a 25-µm diameter wire over
a 500 µm wide cavity. The conventional bond wire method of feeding a wire through a tool to position it
would not work with the alignment demand and the soft substrate. A method with wire holes added to
keep the wire aligned over the cavity was developed. The alignment was also an important measure to
prevent the wire from getting in contact with the cavity’s inner walls and thus conducting heat through
the solid rather than the gas, the consequences of which can be seen in Figure 31. The end result showed
well aligned wires, using the Pirani principle to its fullest.
On the lab on a chip, the gas from the combustion chamber reaches pressures between 1 and 10 Torr,
which makes this pressure range the most important to observe. Figure 27 shows that the devices
exhibit a linear response for a logarithmic pressure change in this region.
Sensitivity shows how much the response signal changes with a pressure change. A relative resistance
change in the pressure range of 1-10 Torr of about 6 % was obtained from Figure 27 d). Compared with
the number of 1-2% [15-16], this device shows a greater potential in that specific range. The results also
show that an increasing cavity size increases the sensitivity, Figure 28. It was also seen that that one data
point lies outside the plotted trend line, possibly a consequence of numerous reasons: circuit glitches,
manufacturing errors or measuring failures. The current flowing through the wire rapidly increases the
sensitivity, Figure 30. However, a too high current will fuse the wire.
The yield, Table 4, increases with each batch, indicating that the development of manufacturing is
progressing. Reasons for the improved development are the increased experience of manufacturing after
every batch, developing the wire threading technique more, which in the end yielded more working
devices.
The device shrinkage made the wire bend into the cavity. Table 5 shows the actual measured dimensions
for a selection of devices compared to their designed dimensions. The resulting variation in measured
dimensions may be a result of different lengths and widths of the cavity, future studies are needed for a
valid conclusion.
The geometric simplicity makes the integration to the lab on a chip very feasible. Simple design patterns
can easily be integrated into a larger system, and the few electrical connections can be connected with
the rest of the components.
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7.1 Future Work
As discussed previously, the wire threading was proven difficult. A future work in that area should
involve making the process more automated and reproducible; a tool such as a string tool with specified
distances to minimize the chance of misalignment and reducing the manual (error increasing) handling
should be tested.
Multiple wires in multiple cavities, in serial connection, could increase the sensitivity owing to a larger
signal output, but a higher current would be needed to reach the same wire temperature. A study would
need to be performed to verify.
The behavior at the pressure range of 1-10 torr, Figure 27, seems to keep its trend even at pressures
below 1.5 Torr. To confirm this behavior, a study with measurements in a high-vacuum chamber would
be needed.
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Chapter 7

Conclusions





An HTCC pressure sensor concept using bond wire and the Pirani principle has been
demonstrated successfully.
In the 1-10 Torr pressure range, well-behaved response curves are attained.
Geometry and electric current highly affect the sensitivity of the sensor.
The devices have a high feasibility to be integrated with a combustor and a microplasma
source for carbon isotope analysis.
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Epilogue
Since the historic mission year 2038, where the first sign of extraterrestrial life was found on planet
Mars, the second Space Race started – the old rivals of the Cold War were at it again. But 250 years later,
the European Federation established a large base in one of the crates at Olympus Mons. There are
rumors of big subterranean oceans in the great mountain.
Year 2 (Earth year: 2288)
Deep in the Great Caves of Mars, 500 km from home base LZ Mars Station Alpha.
Wind tunnels, they call it, the shrieking roar turning your blood to ice. Even louder than the massive
cemented carbide drills, spinning at full power to get deeper down the mountain. Down to the carefully
estimated source of water, one of the Marsian oceans under the surface. Moist pours from the cave
walls, an indication of being close.
There! That roar again! A vast surface of shimmering water appears. A big rock falls from the drilled path
and plunges into the water. The surface breaks and the water ripples, perhaps more than it should. The
shriek increases noticeably in volume – are there really wind tunnels this deep?
Are we really alone here, deep in the Great Caves of Mars?
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Appendix A

Sensor
1_A1
1_A2
1_A3
1_A4
1_B1
1_B2
1_B3
1_B4
1_C1
1_C2
1_C3
1_C4
1_D1
1_D2
1_D3
1_D4
2_A1
2_A2
2_A3
2_A4
2_B1
2_B2
2_B3
2_B4
2_C1
2_C2
2_C3
2_C4
2_D1
2_D2
2_D3
2_D4
3_B1
3_B2
3_B3
3_B4
3_1
3_2
3_3

Dimension comparison
Length (µm)
Width (µm)
Designed Actual Designed Actual
2000
1640
800
667
2000
1626
800
646
3000
2557
800
646
3000
2599
800
649
2000
300
2000
1000
3000
300
3000
2524
1000
795
2000
400
2000
1705
400
303
3000
2479
400
298
3000
2585
400
298
2000
500
433
2000
500
3000
500
3000
2585
500
2000 800 2000
800
3000
800
3000
2500
800
747
2000
1711
1500
1221
2000
1633
1000
774
3000
300
3000
2542
1000
788
2000
400
2000
1669
400
309
3000
2528
400
298
3000
2535
400
284
2000
500
2000
500
3000
2514
500
369
3000
2542
500
390
2000
1500
2000
1000
3000
500
3000
1000
2000
800
3000
800
2000
400
-

Measurable
With Broken Vias
With Broken Vias
Yes
With Broken Vias
No
No
No
With Broken Vias
No
Yes
Yes
No
Yes
No
No
With Broken Vias
No
Yes
Yes
Yes
Yes
Yes
With Broken Vias
Yes
Yes
Yes
Yes
Yes
No
No
Yes
Yes
Yes
Yes
No
Yes
Yes
Yes
Yes
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