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Sammanfattning
Finns det liv på Mars? Den frågan är det många som funderat på genom åren, och frågan
leder direkt till en motfråga: Hur ska vi kunna veta det?
För att kunna leta efter liv måste man veta vad det är man letar efter, alltså vad liv
är och hur man kan observera det. Liv har ingen direkt definition, även om det finns
några egenskaper som brukar karakterisera det såsom reproduktionsförmåga och ämnesomsättning. Inte ens detta stämmer på allt liv. Men man vet en annan sak om livet
på jorden, nämligen att det delvis består av kolbaserade molekyler och vatten. Man vet
även att förhållandet mellan olika kolisotoper i någonting som lever eller har levt skiljer
sig från något ickelevande. En isotop är en variant av ett grundämne som har ett särskilt
antal neutroner i kärnan. Kol har tre naturliga isotoper: 12 C, 13 C och 14 C som har 6, 7
respektive 8 neutroner.
Så om detta förhållande går att studera skulle man kunna få en första uppfattning om det
funnits liv på andra platser i vårat solsystem som liknar livet som finns på Jorden.
På Ångström Space Technology Center (ÅSTC) bedrivs forskning som fokuserar på att
miniatyrisera system för rymdtillämpningar. Storlek och vikt är två otroligt viktiga
parametrar att hålla låga när man ska skjuta upp saker i rymden, annars blir det snabbt
väldigt dyrt. Det har redan skickats flera robotar till Mars (dock inte från ÅSTC) för
att söka efter liv. En av dessa är Curiosity som har med sig utrustning för att analysera
sammansättningen hos både gaser och fasta prover. Detta instrument väger 40 kg, i
det ingår väldigt många delinstrument med olika funktioner där flera ska studera just
förhållandet mellan av kolisotoper. Dessa väger tillsammans flera kilo och här finns det
alltså utrymme för nedskalning med hjälp av mikrosystemteknik där ett enda så kallat
chip skulle kunna utföra flera sådana uppgifter samtidigt. Mer användning av sådana
mikrosystem skulle drastiskt påverka uppdragens kostnad, eller så skulle man kunna få
större täckning, snabbare svar och bättre kvalitet inom ett och samma uppdrag.
Ett av projekten som ÅSTC jobbar med handlar om att utveckla ett mikrosystem som
kan mäta förhållandet av kolisotoper i koldioxid. Det är tänkt att användas för att
söka efter liv i rymden. Instrumentet använder sig av den optogalvaniska effeken, vilket
innebär att när en provgas joniserats (och blir till ett plasma) och belyses med laserljus
så förändras den elektriska ledningsförmågan i provet vilket lätt kan mätas. Mätningen
görs i en mikroplasmakälla som är endast 3,0x3,0x0,5 cm stor, men för att få en bra
uppskattning av mängden kolisotoper är det viktigt att också känna till parametrar som
flöde, tryck och temperatur i provgasen.
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Detta examensarbete handlade om att integrera en flödessensor i plasmakällan genom
en helt ny princip som inte använts för flödessensorik tidigare. I arbetet ingick att
konstruera, tillverka och utvärdera en flödessensor, men också att ta fram en lämplig
testuppställning och göra programvara till mätningarna. Sensorn bestod av elektroder
som placeras upp- och nedströms om plasmat. När sedan plasmat, som kan jämföras
med ett moln av elektriskt laddade partiklar, förskjuts av gasflödet, ger det upphov till
en mätbar spänningsskillnad eller ström mellan upp- och nedströmselektroderna.
Experimenten som utfördes syftade till att utvärdera vilken elektrisk parameter som bäst
beskrev flödesberoendet och hur mätuppställningen kunde göras bättre. Det visade sig att
en likspänning mellan elektroderna hade det starkaste flödesberoendet och att genom att
introducera resistorer och en elektrisk prob i uppställningen kunde öka prestandan. Det
mest spännande resultatet blev att den framtagna sensorn inte bara kunde mäta flödet,
utan även samtidigt mäta tryck. Genom att sedan anpassa en modell till mätdatan kunde
ekvationer för tryck och flöde tas fram.
Resultatet blev en mycket kompakt flödes- och trycksensor som kan integreras direkt inuti
den optogalvaniska detektorn. Den totala vikten hos det integrerade systemet är bara
några hundra gram, vilket gör det åtminstone en storleksordning lättare än de system
som idag används i rymden. Även om mycket forskning och utveckling återstår, kan man
ändå gissa att systemet tack vare sin litenhet kommer att ha goda chanser att få följa
med på en framtida rymdresa till Mars eller kanske någon ännu mer avlägsen himlakropp
i solsystemet.

Examensarbete 30 hp på civilingenjörsprogrammet
Teknisk fysik med materialvetenskap
Uppsala universitet, juni 2016
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1 | Introduction
Is there life on Mars? This is a question that people have been been wondering about
through the years, and it puts the focus on another question: How can we find out?
To be able to search for life, one has to know what to search for, i.e., what life is and
how it can be observed. There is no strict definition of life, even though there are some
properties that can be used to characterize it, such as reproduction and metabolism [1].
However, not even this is true for all life. But there is a few things common to all life
on Earth, namely that it consists more or less of carbon chains and water. It is also
known that the ratio of carbon isotopes within something living or previous alive differs
from something that never has been alive [2]. Isotopes are variants of a chemical element
which have specific numbers of neutrons in the nucleus. Carbon e.g., has three natural
isotopes : 12 C, 13 C and 14 C, which have 6, 7 and 8 neutrons, respectively.
If the 13 C/12 C ratio is measured, one can get a first indication of if there may have been
life similar to that on Earth in other places in the solar system [3].
Ångström Space Technology Center (ÅSTC) is conducting research focused on miniaturization of systems for space applications. Size and weight are two important parameters
to keep low when one wants to launch something into space, otherwise it gets very expensive [4]. Robots or rovers have already been sent to Mars (not from ÅSTC though)
to search for life. One of these is Curiosity that carries equipment to analyze the composition of both gases and solid samples [5, 6]. This instrumentation weighs 40 kg, and
consists of several smaller instruments with different functions [7]. A few of these study
the composition of carbon isotopes [7]. Together, these weigh a few kilograms, so there
are possibilities for down-scaling with help of microsystems technology, where a single
chip could perform multiple tasks simultaneously [8]. Using such microsystems could
drastically reduce the cost of the missions, or enable larger coverage of faster and better
quality in the same mission.
In one of the projects at ÅSTC a microsystem to measure the ratio of carbon isotopes
in carbon dioxide is developed [8], and can therefore be used to search for life in space.
This instrument utilizes the optogalanic effect [9], which will be described in detail later
in this thesis, and has a size of about 3.0x3.0x0.5 cm. To be able to get a good approximation of the carbon isotope ratio, it is important to also measure the flow, pressure and
temperature of the sample gas [8, 10, 11]. The working range for these are 1–15 sccm and
1–6 Torr, this is the range where the plasma requires the least power to ignite [12] and
the best optogalvanic signal is obtained [13]. 1–15 sccm corresponds to 3–40 mm/s and
1

60–900 ml/h in this work.
The goal of this thesis was to integrate a flow sensor into the present system by using a
principle that has never been used for flow sensing before. The work included designing,
manufacturing and evaluating the flow sensor, but also to develop a measurement scheme
and suitable software for the task. The main question was how the displacement of the
plasma caused by a gas flow can be translated into an electric signal, and how this signal
depends on the flow.
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2 | Background
2.1

Micromachined flow sensors

There are two main types of micromachined flow sensors: non-thermal and thermal
[14].
Non-thermal flow sensors build on the principle of mechanical work, where some part
is affected by the flow and starts moving, and this movement being translated into an
electrical signal. One example is a cantilever flow sensor, where a cantilever is deflected
by the flow and the deflection in measured, e.g., by using integrated piezoresistive sensors
[15].
Thermal flow sensors use one of three main flow sensing principles, hot-wire, calorimetric
and time of flight [15]. The calorimetric is in a way similar to the sensor in this thesis and
therefore shortly described below. This similarity is described later in section 2.4.
Calorimetric flow sensors measures the asymmetry of the temperature profile around a
heater, which is displaced by the fluid flow. A calorimetric sensors is basically a heater
with at least one thermoresistive element upstream and downstream of it, figure 2.1,
where the temperature at the elements are translated to flow velocity. [14, 15]

Flow

Sensor 1

Heat distribution

Heater

Sensor 2

Figure 2.1: Configuration of heater and sensor elements in a calorimetric flow sensor.

2.1.1

Corona flow sensor

Very few flow sensors employing some kind of plasma or discharge can be found in the
literature. An exception is Chua and Pak, who have demonstrated how the air flow
inside a tube can be measured with a corona discharge [16]. The principle of this sensor
is studying the change of the plasma caused by the flow, which is similar to the idea that
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is studied in this thesis. No other publications have been found that use a plasma to
measure the flow in a gas channel, which makes this master thesis unique.
In Chua and Pak’s work, a corona discharge probe with an electrode gap of about 700 µm
was inserted into a tube, perpendicular to the flow direction as seen in figure 2.2. When
air flows through the ionization region, ozone will be formed by a series of reactions
including ionizination of oxygen and nitrogen. The presence of ozone will reduce the
concentration of free electrons, which will be translated into an increase in the corona
current. An increasing air flow velocity will lower the ozone concentration and result in
an increasing corona current. By doing so, low air flow velocities could be measured,
4.7–94.2 mm/s. [16]
Corona Flow Probe

Cathode

Anode

Air Flow

Plasma
Ozone

Figure 2.2: Orientation of the corona flow sensor of Chua and Pak [16] inside a flow tube.
The left panel shows the situation at zero flow, where ozone builds up in the tube. In the right
panel, the air flow dilutes the ozone. Redrawn from [16].

2.2

Microplasma sources

The plasma source used in this thesis was a split-ring resonator (SRR), which is a design
that has been frequently used by ÅSTC [8]. An SRR can be described as a folded dipole
antenna. Figure 2.3 shows an illustration of a normal dipole antenna. The antenna is half
a wavelength long, so when feeding it with a radio frequency (RF) signal in resonance
with the antenna, a standing wave will be formed. As shown in the illustration, the
current is zero at the ends of the antenna, and the voltage is at maximum although with
different polarity. When folding this antenna to a ring with a small gap between the
ends, a strong electrical field is formed, which can be used to create a plasma. Figure 2.4
shows a photo of an SRR, where the feedline can be seen at the bottom, and the gap at
the top of the ring. In the gap, a plasma is seen glowing.

4

λ/2
RF current

RF voltage
Feedline
Figure 2.3: Illustration of a dipole antenna with the voltage and current of a standing wave.

The SRR was built from layers of dielectric material that were merged together so that
the ring was in the middle, and the two outer planes were metallized to work as ground
planes, figure 2.4.
The kind of SRR that is described above is called a stripline. Another kind of plasma
source can be made from only one layer, with the ring on one side and a ground plane on
the other. This is called a microstrip. In this project a stripline was used, because it has
some advantages over a microstrip. For example, the stripline is more electromagnetically
shielded to its surroundings, so there will be less noise induced. [17]

Figure 2.4: Photo of an SRR with ignited plasma (left). Stripline SRR seen from the side,
light gray is the dielectric material, the line in the middle is the ring and the outer black lines
are ground planes (right).

2.3

Optogalvanic spectroscopy

When a gas discharge or plasma is illuminated by light, which is resonant with one of the
atomic or molecular transitions of the plasma, a change in the gas electrical properties
occurs. This is called the optogalvanic effect (OGE), and is the basis for optogalvanic
spectroscopy. [9]
In the kind of optogalvanic detector developed by ÅSTC [13], the OGE is measured by
inserting electrical probes into the plasma and illuminate the plasma with a tunable laser,
5

figure 2.5. The strength of the OGE is proportional to both the number of absorbing
molecules and to the plasma impedance [9], where the latter can be measured using the
probes. By employing adequate theory, this impedance change can then be translated
into an estimation of the number of molecules present in the plasma. [8]
However, in the theory, additional information about the gas is needed, since pressure,
temperature and flow will all influence the signal. Hence, these parameters need to be
monitored in order to get a better estimation [8, 10, 11]. The focus in this thesis is on
measuring the gas flow.
Top view

Laser beam

0

ΔZ

1

SRR
Plasma
Gas ﬂow

Laser
beam

Probe pads

Figure 2.5: Side (left) and top (right) view of an OG detector in which the flow sensor is to
be integrated. This is a sketch of how the OGE measurements is done at ÅSTC. The top view
is from the laser line of sight, and serves to show the placement of the ring and the probes.

2.4

Integration

The plasma sources developed by ÅSTC are intended for planetary exploration, meaning
that a combination of low mass, small size and high performance is important. These
parameters can be kept down by integrating the flow sensor inside the optogalvanic
detector instead of placing it externally. Integrating a flow sensor instead of using an
external one also gives the advantage of monitoring the flow closer to the plasma, which
gives a more accurate measurement. The range of use for this device is 1-15 sccm and
0-6 Torr, based on the application [8].
The method to sense the flow used in this thesis is novel, but in a way similar to both the
calorimetric sensor and the corona flow sensors described earlier. By using the plasma
created by the SRR (figure 2.5) and placing electrodes at both sides of it, as in figure
2.6, the flow can potentially be detected. In order to do this, electrodes in the form of
patterned conductors will be integrated into the plasma source.

6

Flow

Sensor 1

Plasma distribution

Plasma

Sensor 2

Figure 2.6: Schematic view of the plasma based flow sensor.

2.5

Principle of the integrated flow sensor

Figure 2.7 shows the basic principles of the sensor, where the plasma of an SRR is
displaced by a gas flow, and this displacement is measured by electrodes upstream and
downstream the plasma. Hence, the device will consist of an SRR in the middle, with
a fluidic channel connection on each side, resulting in a total of six layers, which are
numbered in the figure. It also shows the location of the electrodes with respect to the
plasma source.
Similar to the corona flow sensor, the plasma is displaced by the flow, and similar to the
calorimetric sensor, there are sensor elements on each side to detect the displacement as
illustrated in the figure.
The fluidic channel is designed so that the gas flow goes through the gap in the SRR,
perpendicularly to the plane containing the ring, and the electrodes were placed upand downstream of the gap to detect the displacement, figure 2.7. When the plasma is
displaced, the ion and electron densities are displaced too. This could generate a small
voltage or current between two electrodes that can be observed and hopefully translated
into a measure of the flow.

7

0

ΔV

0

1

ΔV

1

1
2
3

Electrodes
Plasma

Plasma

4
Gas ﬂow

5
6

Figure 2.7: Plasma source in the center with the fluidic system going through it. At each
side of the plasma, electrodes are placed. In the left picture, there is no flow and the plasma is
symmetrical. The right picture shows a plasma that is displaced by a flow, which changes the
potential of the electrode.

Pressure is increasing with increasing flow rate according to Bernoulli’s principle [18],
which means there will be two parameters changing simultaneously in the system. If a
sensor system that is placed in a flow tube as in figure 2.6 and would only be sensitive
to pressure, the sensor response would be independent of the flow direction, dashed line
in figure 2.8. But if the sensor were to be responsive to both flow and pressure there
would be two components: One that is independent of flow direction, and one that is
dependent. This signal would look different for positive and negative flow, also in figure
2.8, and from such a result the flow dependency should be able to be extracted.

Figure 2.8: Dashed line shows the characteristic dependencies of a flow sensor for flow (left)
and pressure (right). It does not necessarily pass through origo, and it is not expected to be
linear. The solid line is the combined signal from both pressure and flow.

8

3 | Materials and methods
3.1

Device design

The device consists of six different layers, where the two in the middle were the SRR,
on each side of those were the fluidic channel layer and the two most outermost is the
sensor layers. The different layers of the chip are numbered with reference to figures 2.7
and 3.1. The dashed areas on layer 1, and the dark gray areas on layers 4 and 6 in the
latter figure were electrical conductors. The light gray areas, on the other hand, is where
the layers have thoroughgoing holes. Layer 3 and 4 build the SRR, 1 and 6 is the sensor
layers and 2 and 5 is the fluidic layers.
The size of the devices was set to 3.0x3.0 cm to be about the same size as the devices
used for OGE measurement [19]. Figures of all layers with scale bar is seen in Appendix
A.

1

2

4

3

5

6

Figure 3.1: Device in an exploded view with the gas flow path marked with a dashed line.

3.1.1

SRR layers

The key parameters for the SRR are: the angle α, the gap size g and the inner and
outer radii r1 and r2 , figure 3.2. The angle α that is formed between the symmetry line
of the ring and the feeding point is used to match the impedance of the resonator with
the feeding waveguide. Compared to figure 2.4, the feedline in figure 3.2 was out of the
plane where a connector was inserted through the dielectric layers and soldered to the
ring. The crucial parameters when designing an SRR, and deciding α, r1 and r2 , are the
gap size, the dielectric properties of the bulk material and the thickness of the dielectric
material.
For the SRR, RF quality, printed circuit board (PCB) laminate RO4003C (0.06", 1/1,
9

Rogers Corp., CT, USA) is used. It is a glass-fiber-reinforced ceramic dielectric with film
of copper on each side.

r1

g

r2

α

Figure 3.2: Parameters defining the geometry of the SRR.

Layer 3 and 4 in figure 3.1 are the layers that makes the SRR. Designing the SRR
is a straightforward process, after setting a gap size and calculating the basic material
properties and the SRR geometry, figure 3.2. Two different gap sizes is used in this thesis,
2 and 3 mm. The SRR dimensions are shown in table 3.1.
Table 3.1: Dimensions of the SRRs used for the devices in this thesis.

Comp. nr

g [mm]

r1 [mm]

r2 [mm]

α

Probe

1
2
3

2
3
2

4.58
4.75
4.58

6.27
6.43
6.27

12.5◦
12.0◦
12.5◦

No
Yes
Yes

Electric probe
To be able to study the up- and downstream displacement of the plasma separately, a
probe is inserted into the geometrical center of the plasma. The electric probe consists
of a bond wire (35 µm gold wire) which is attached to a probe pad. The probe pad is
perpendicular to the ring, extending from the gap, layer 4 in figure 3.1.

3.1.2

Sensor layers

At the top and bottom of the device is the flow sensor layers. These were made from FR4
which is also a PCB dielectric laminate, but much more common and less costly, as these
layers do not have as high demands on the RF properties as the SRR [20]. These holds
the patterned conductors that is used to measure the flow. There are four electrodes on
each side, to have the option of varying the distance between the plasma and the sensor.
The electrode closest to the plasma also constitutes the top and bottom of the gap as
seen in figure 2.7. It stretched across the channel and has the same width as the gap.
The remaining electrodes has a width of 0.8 mm. The stripes connecting the electrodes
10

goes to holes that fitted connections pins that later were soldered to the component, and
is used to connect the device to external electronics.

3.1.3

Fluidic layers

Layers 2 and 5 has the function to transport the gas from the inlet, pass the first sensor
elements, go through the plasma, pass the second sensor elements, and exit on the other
side. These are also made in FR4 as layer 1 and 6. Layers 2 and 5 were milled all the way
through, and the channels were therefore roofed and floored when they were attached to
layers 1 and 3, and 4 and 6, respectively, figure 3.1. The length of the channels is 10 mm,
and the width is 2.5 mm. The channels is designed to have equivalent area as the gap
to get a uniform flow and pressure inside the device. The direction of the flow can be
altered externally.

3.2

CAD & Milling

The components were designed using DraftSight 2015 from Dassault Systèmes (MA,
USA), which is a free software that is used widely.
When the layout was finished, the drawing was exported to the milling machine (ProtoMat S100, LPKF, Germany) where some configurations had to be made to convert the
drawing to the correct file format using CircuitCAM 6.1. This file was then exported to
the ProtoMat’s software BoardMaster 5.1.214, all settings used for the milling was the
default settings in BoardMaster. When the machine had started, it was pretty much self
going until all pieces were finished. There were four kinds of operations performed on the
different layers. These were drilling, contour milling, isolation milling and rubbout.
Drilling was what it sounds like; the milling machine drilled holes, e.g., for mounting
electrical connectors. Contour milling used a cutting tool to mill through both the copper
and the dielectric layer. The contour of the device, the fluidic channels and the gap were
milled this way. Isolation milling used a cutting tool but only milled through the copper
layer to isolate the conductors from each other. Rubbout was similar to isolation milling,
but was used for larger areas where the copper was to be removed completely.
The tools used in the milling machine was; 2-mm diameter countour cutter; 1-mm diameter drill; universal cutter and end mill.
Below is a list of all required milling operation for each layer. It refers to the layers in
figure 3.1.
1. The four smaller holes were drilled, the two larger holes were contour milled. Along
the dashed line, isolation milling was used to create the connecting stripes.
2. Both the large holes and the channel were contour milled.
3. The three smaller holes were drilled and the larger holes contour milled. The side
facing towards layer 4 was stripped from copper using rubbout.
11

4. The four smaller holes were drilled and the larger holes milled. All copper except
the ring and probe pad was removed by rubbout.
5. The channel was contour milled.
6. The holes were drilled and isolation milling was used for the leads.
Milling is a relatively rough process, and some treatment, such as of removing of burr
and grinding of edges, was needed before the assembly.

3.3

Assembly

The assembly of the devices were done in the following order.
1. All copper was removed from layer 2 and 5 by etching in sodium persulfate.
2. The layers were glued together in stacks of three (layers 1-2-3, and 4-5-6), using
epoxy (Epoxy Rapid, Bostik, Sweden) and clamps.
3. The probe was attached using a Kulicke and Soffa Model 4526 wire bonder (Kulicke
and Soffa, Singapore).
4. A SMA connector was attached to the ring, where the center pin was soldered to
the ring and the shield was soldered to the ground plane of the SRR.
5. The two stacks were glued together using the same epoxy as before and the shield
of the SMA was soldered to the second ground plane.
6. Pipes were connected to the inlet and outlet of the fluidic channel, and fastened
with super glue (Loctite 401, Henkel, Germany). Pin connectors were soldered to
the pads that connects to the sensor elements.

3.4

Experimental setup

Figure 3.3 shows a simplified sketch of the experimental setup. A computer with a custom
made software was connected to a data acquisition unit (DAQ), see below, which was
used to control and monitor the system. Three instruments were connected to the DAQ:
a flow controller (F-201-EA, Bronkhorst High-Tech BV, Netherlands), a pressure gauge
(275 Mini-Convectron, Granville-Phillips, CO, USA) and the flow sensor device. In figure
3.4, the device is seen coupled to the external fluidic system.
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DAQ

Gas inlet

Flow controller

Vacuum pump

Pressure gauge

LabVIEW

*

RF source

Data
Gas
Valve
* SRR with ﬂow sensor

Figure 3.3: Schematics of the experimental setup.

DAQ

Fluidic
RF

Figure 3.4: Device connected to the fluidic system, the RF source and the DAQ.

The DAQ was a 34970A from Agilent Technologies (CO, USA) which has three slots
where different kinds of modules can be placed. In this project, two modules were used:
a 34901A 20-channel armature multiplexer module and a 34907A multifunction module.
The 34901A module has 20 channels for voltage measurements, two channels for current
measurements, and a built in thermocouple reference junction. The 34907A has two 8-bit
digital input/output ports, a 100 kHz totalize input and two ±12V analog outputs. Table
3.2 shows which channels that were used and what they were used for.
Table 3.2: Modules and channels used in the DAQ.

Module nr

Type of channel

34901A

300VAC/DC analog input

34907A

100nA-1A analog input
±12V analog output

# of channels
1
1
4
2
1

Function
signal from flow controller
signal from pressure gauge
VAC/DC flow measurements
IDC flow measurements
signal to flow controller

The setup for igniting and maintaining the plasma was identical to the one previously
used by ÅSTC and was not modified in this project. Persson et al. describe this setup
in [19].
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The last valve before the vacuum pump was adjustable, and used to adjust the base pressure of the system. The base pressure in this case referres to the pressure corresponding
to the lowest flow in a particular experiment.

3.5

Software development

A custom made measurement program was written in LabVIEW (15.0, 2015, National
Instruments, Austin, TX, USA) in order to control and collect data from the device. The
LabVIEW program is from here on referred to as a VI (virtual instrument). Figure 3.5
shows the GUI of the finished VI, where the user can interact and change parameters
for the experiments. For example, the user can set the flow range and the number of
measurement points within that range.

Mimimun ﬂow
Maximum ﬂow
# of ﬂow steps
# of points
at each ﬂow
Stabilization
time at each
ﬂow
Figure 3.5: GUI of the VI giving the user direct feedback from the experiment.

The VI collected the signals from the sensors, pressure gauge and the flow controller and
saved the data. It also presented a live view of the experiment. Sub VIs were used to
convert the signals from the pressure gauge and the flow controller (these sub VIs were
included in the main VI). The sub VI used to communicate with the flow controller was
copied from the OGE measurement setup.
A new VI to communicate with the pressure gauge was written using tabulated data and
equations from the manual (Instructional manual part nr 275512, Revision C - November
2015), to convert the output voltage to the correct pressure. Figure 3.6 shows how
the signal from the pressure gauge was converted into pressure for air. The conversion
function was divided into three sections with three sub functions according to the manual.
The coefficients a-l can also be found i the manual.
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Figure 3.6: Conversion functions of the pressure gauge, note the logarithmic y-axis.

Before an experiment started, the user could input values for the:
• Range of flow, i.e., the minimum and maximum flow and the number of observation
points in between.
• Number of measurement points in each step.
• Type of gas (a number that represented what kind of gas was used) since the
signal from both the flow controller and the vacuum gauge were dependent on the
composition of the gas.
Depending on the inputs, the VI created a profile that the experiment followed, which
looked like the left graph in figure 3.7. Each step started with a pause, where the flow
and pressure are stabilized, after which a number of measurements were recorded and the
program stepped to the next flow, figure 3.8. A full run of the program is here referred
to as a sweep. A sweep was always carried out by starting at the minimum flow then
stepping to the maximum flow, and finally returning back to the minimum flow, so that
the output looked like the right in figure 3.7.
S
i
g
n
a
l

F
l
o
w
Time

Flow

Figure 3.7: Profile of the flow sweep of the program (left) and a typical result from a sweep
(right).
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Inputs from user

2. Stabilize

Start

1. Sets ﬂow

Saves data
3. Measures: -Flow
-Pressure Repeats until
Program ends
-Signal
full sweep is
ﬁnished

Figure 3.8: Flow chart for the measurement VI.

The SRR control VI from the OGE measurements setup was used to control the plasma.
The inputs to this program were RF frequency and attenuation.
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4 | Evaluation of measurement
schemes
Despite their uncomplicated embodiment, the devices could be used in a number of ways.
In this chapter, some aspects of their performance are investigated and analyzed.
To determine the best measurement method, different experiments were conducted.
These are presented in this chapter. Two kinds of circuits were used, figure 4.1, where
the first is referred to as an electrode-electrode (e-e) configuration, and the second as an
electrode-probe-electrode (e-p-e) configuration. In the e-e setup, the measured value was
the voltage across the whole plasma. In this configuration, the voltage between the two
inner electrodes is referred to as V1 ; the voltage between the two second innermost as V2 ,
figure 4.1(left). With the e-p-e configuration, V1u is defined as the voltage between the
first bottom electrode and the probe, while V1d is its upper counterpart. If the direction
of the flow was reversed, these subscripts were not changed, but the flow was instead
referred to as negative.

R VV R
1d
0

0

V1

1

0

V2

1

0

VV
2d

1

1

R

0

V1u

1

R

0

V2u

1

Figure 4.1: The two measurement configurations with electrode-electrode (e-e) to the left and
electrode-probe-electrode (e-p-e) to the right. In both cases, the flow is positive.

4.1

Measurements with e-e configuration

The DAQ that was used to sample the device could measure several physical properties
relevant to the plasma, e.g., voltage and current in both constant and alternating mode.
Initial tests were done measuring DC voltage, AC voltage and DC current through the
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plasma with the e-e configuration. All values in the graphs are mean values of 10-25
samples for every flow step.

4.1.1

DC voltage

Figure 4.2 shows the results from the DC voltage measurements. The left panel shows the
signal vs flow and the right shows signal vs pressure for both V1 and V2 . Some hysteretic
behavior and a local minima was observed for negative flows.

Figure 4.2: DC voltage signals, V1 and V2 , versus flow (left) and pressure (right).

4.1.2

AC voltage

In figure 4.3, the AC voltage over the plasma is shown, again with V1 and V2 versus
of flow and pressure. Both voltages showed local minima, maxima and considerable
hysteresis.
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Figure 4.3: AC voltage signals, V1 and V2 , versus flow (left) and pressure (right).

4.1.3

Current

In figure 4.4, the results of the DC current measurements are shown. Measuring current
was a more time consuming process compared to the voltage measurements, and therefore the number of points for negative flows were reduced to a minimum, and only the
inner electrode pair was used. Moreover, only a half sweep was made, from low to high
flow.
To be able to measure the current, a bias voltage had to be applied, otherwise the current
was too small to be distinguished. A bias of 20 V was applied between the second pair
of electrodes (V2 ) while the current was measured with the first pair (V1 ).
The results, figure 4.4, showed a pressure sensitive characteristic, as compared to figure
2.8.
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Figure 4.4: Current between the inner electrode pair when a bias voltage of 20 V was applied
between the second innermost electrodes. The results are shown as a function of flow (left) and
pressure (right).

4.1.4

Evaluation

In the measurements in sections 4.1.1-4.1.3 some key features can be observed in the
graphs, namely linearity, offset, sensitivity and hysteresis.
The linearity of a sweep is defined by how well a linear regression can be fitted to the
measurement. The goodness of the fit is given by the coefficient of determination (R2 ),
where a R2 =1 corresponds to a perfect fit.
Sensitivity is given by the slope of the linear fit and have the unit V/sccm, k in the linear
fit, figure 4.5.
The offset is defined by the intersection of the linear fit and the y axis, figure 4.5. To be
comparable between different experiments, the offset is divided by the maximum signal
to get a relative value.
Hysteresis occurs in a system where the signal not only depend on the momentary settings, but on the history of the measurement. The flow sweeps presented here showed a
hysteresis behavior, where the amplitude of the signal depended on whether or not the
flow was increasing or decreasing. As shown in figure 4.5, the hysteresis can have different
sizes, here defined by the largest difference in signal for the same flow. Like the offset,
the size of the hysteresis was divided by the maximum signal to get a relative value.
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Hysteresis
Max ﬂow
Measurement
Linear ﬁt, y=kx+m

Oﬀset

Figure 4.5: Schematic result of an experiment with a linear regression fit.

The first tests (figure 4.2) showed that a flow response could be achieved by measuring
the DC voltage over the plasma between the the inner electrodes (V1 ). The second
innermost showed a less linear response and a local minimum, which is not preferable
for a sensor, since two different flows had the same sensor response. Furthermore, figure
4.2 showed that the sensor signal consisted of both a pressure component and a flow
component, as can be seen from comparing the results with the ideal flow and pressure
response, figure 2.8. The reason for differences between positive and negative flow could
be geometrical, since the electrical and flow characteristics of the sensor are not identical
up- and downstream of the plasma, where, e.g., the alignment of the layers or glue
on an electrode could influence the signal. The sensitivity for DC voltage (figure 4.2)
measurements was about ten times higher than for AC voltage (figure 4.3), a higher
sensitivity is prefered.
Neither the AC voltage, nor the current measurements were very suitable for flow sensing,
because the AC voltage results showed local maxima and minima, and the V2 signal was
somewhat symmetrical around the voltage axis, indicating that it was more sensitive
to pressure than flow. Even though only a half sweep was made in the current tests,
the result were more like those expected from a pressure sensor. Hence, further on, DC
voltage was exclusively used for measurements.

4.2

Measurements with e-p-e configuration

In the electrode-electrode measurements the probe was not connected. However, by
connecting it, the sensor became more similar to the calorimetric flow sensor scheme
mentioned above. Therefore, the DAQ was connected as shown to the right in figure 4.1,
i.e., the e-p-e configuration.
The four figures below show the results of the measurements with the e-p-e configuration
without a resistor (R = ∞). In figure 4.6, V1u and V1d are shown plotted against flow
(left panel) and pressure (right panel). In figure 4.7, the difference and the sum of these
voltages are plotted against the same parameters.
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V1u and V1d have similar shape for positive and negative flow for both flow and pressure,
figure 4.6. The sum of the two components are very similar, they have the same shape
and there is only small differences in signal strength, figure 4.7.

Figure 4.6: V1u and V1d vs flow (left). V1u and V1d vs pressure (right).

Figure 4.7: V1u -V1d and V1u +V1d vs flow (left). V1u -V1d and V1u +V1d vs pressure (right).

4.2.1

Hysteresis and drift

As can be seen in figure 4.7, the e-p-e configuration greatly reduced the problems with
linearity and offset. However, the hysteresis remained. In fact, in all tests that have been
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presented so far, more or less hysteresic behavior was observed. In order to investigate its
causes, a dedicated test was done, where 15 sweeps were performed successively without
changing any parameters but the time of the test. One sweep takes about five minutes to
perform. The results are shown in figure 4.8, where the left panel shows the raw data from
the test. To the right, the largest hysteresis in every sweep was calculated and plotted
against sweeps. The maximum hysteresis for each sweep gets lower as more sweeps is
completed, and levels out after about five sweeps.

Figure 4.8: 15 consequential sweeps (left) and maximum hysteresis versus number of sweeps
(right).

The uncertainty of the set flow of the flow controller used in this thesis was ±1 sccm. In
figure 4.9, a sweep (the first from the previous experiment) with drift and hysteresis is
shown with mean values and error bars for both the sensor signal and the flow.
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Figure 4.9: Hysterestic behavior showing mean values with error bars.

As can be seen, the observed hysteresis and drift might not be from the integrated
flow sensor, probably more from the flow controller combined with some charging effect.
Further on in this thesis, drift and hysteresis will not be shown in the measurement plots.
Instead, the mean value at each flow, i.e., the mean of two steps, will be presented.

4.2.2

Measurements with resistors

All measurements in section 4.2 until now have been performed using the e-p-e setup
without any resistor, corresponding to R=∞ in figure 4.1.
By testing the e-p-e setup with different resistance values, the sensitivity, linearity, drift
and offset could be evaluated. The resistances used are; 0.1, 0.47, 1.0, 4.4, 10 and
32 MΩ
In figure 4.10(left), the sensitivity for different resistances is shown. It can be seen that
a higher resistance resulted in a higher sensitivity. Figure 4.10(right) shows the linearity
for the different resistances, which increased with increasing resistance and leveled out for
R ≥4.4 MΩ. The relative drift for different resistances is presented in figure 4.11(left) and
shows that a lower drift was attained with higher resistance. Figure 4.11(right) shows
the relative offset for the different resistances. The highest offset is found for R=10MΩ,
the lowest for R=1MΩ.
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Figure 4.10: Sensitivity for different resistances (left). Linearity for different resistances
(right).

Figure 4.11: Relative drift for different resistances (left). Relative offset for different resistances (right).

In figure 4.12, a measurement using a resistance of R=32 MΩ in the e-p-e configuration is
shown. A very linear flow dependency can be seen in the left panel for the subtraction of
the components. The sum shows a strong pressure dependency in the right panel.

25

Figure 4.12: Measurements with the e-p-e configuration and a resistance of R=32 MΩ.

In all measurements above only the results from the innermost (V1u and V1d ) electrodes
are presented, but measurements from the second innermost (V2u and V2d ) has also been
registered at the same time, figure 4.13. The sum of the components are similar to the
sum in figure 4.12 while the subtraction is not as linear.

Figure 4.13: Measurements with the e-p-e configuration and a resistance of R=32 MΩ for the
second innermost electrodes.
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4.2.3

Measurements over a larger pressure range

All experiments presented so far were performed with a base pressure of ∼1.2 Torr, i.e.,
the pressure at 1 sccm. To examine the flow and pressure dependencies in a wider range,
a number of sweeps were done with different base pressure to be able to visualize the
data in 3D with respect to pressure, flow and signal.
Such an experiment performed using the e-p-e configuration can be seen in figure 4.14,
where V1u -V1d vs pressure vs flow is presented. The markers are the measured values
and the surface is a locally weighted scatter plot smoothing (LOWESS) surface made
in Matlab’s Curve fitting toolbox. It should be noted that the purpose of the surface
is only to visualize the data. Figure 4.15 shows a top view of the same surface without
markers.

Figure 4.14: 3-D plot for the e-e configuration showing the voltage difference V1u -V1d vs flow
and pressure. The color represents the value of the signal.
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Figure 4.15: Top view of figure 4.14 to better show the topography. The color represents the
value of the signal.

Most applications only require pressure and flow sensors to work in a limited range. The
sensor of this thesis was intended for ÅSTC’s optogalvanic detector, which operates at
positive flows up to ∼15 sccm and pressures up to ∼6 Torr. Hence, only a part of the
surfaces presented in figure 4.14 and 4.15 are of real interest, and could be delimites with
respect to the detectors working range. The delimited surface for this range is shown in
figure 4.16.
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Figure 4.16: Delimited part of the surface in figure 4.14. The color represents the value of
the signal.

4.2.4

Evaluation

Individually, the components V1u and V1d showed no unambiguous flow dependencies,
figure 4.6, but when subtracting them they showed a strong and linear flow response,
figure 4.7(left).
The results from the hysteresis and drift section shows that the hysteresis behavior decreases with more sweeps, which could be some kind of charging effect in the system.
When the DAQ changes channel, it closes the recently used channel by opening a relay.
This might be one of the reasons for the charging effects. By introducing a resistor, the
circuit is virtually closed at all times, which prevented charging effects and drift in the
system.
In order to investigate the e-p-e configuration further, resistors were connected in parallel
with the plasma, as seen in figure 4.1(right). The results from these measurements
showed that a higher resistance was preferable, since this gave a higher sensitivity, a
higher linearity and lower relative drift, but a somewhat higher relative offset.
The results from the measurements using 32 MΩ showed the best results, compared with
the results without a resistor (figure 4.8), they showed a higher linearity and a lower
offset. The difference of the two voltages is very similar to the ideal flow sensor (figure
2.8), and the sum shows a strong pressure dependency. Hence, when the device was used
in the e-p-e configuration with a resistance of R=32 MΩ, it could be used as both a
flow sensor and a pressure sensor. The flow and pressure sensitivities in figure 4.12 are
0.04 V/sccm and 1.3 V/Torr, respectively. In other words, the achieved results greatly
29

exceeded the initial aim of the thesis, where not only one but two sensors now had been
realized.
The innermost and the second innermost electrodes have a very similar pressure response,
figure 4.12(right) and 4.13(right). However, the flow dependency is more linear for the
innermost.
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5 | Mathematical model of the sensor response
Matlab was used to create a linear regression model for the flow and pressure in the
range 1-15 sccm and 1-6 Torr with data from V1u , V1d , V2u and V1d . A model for the flow
was computed and resulted in an equation with 11 parameters and coefficients, table 5.1.
The flow equation looks like q = c1 ∗ x1 + c2 ∗ x2 + ... + c11 ∗ x11 , where q is flow, x; are
parameters and c; coefficients. The adjusted R2 for this model was 0.971, where a R2 =1
would be a perfect model.
By using this flow equation, a new flow was calculated and plotted against the measured
flow values to see how well the calculated values corresponds to the measurement, figure
5.1.
Table 5.1: Parameters and coefficients for the flow equation.

Coefficient c
4.407
-36.58
50.85
19.05
-65.39
-149.5
76.90
86.19
62.79
41.74
-88.03

Parameter x
1
V 1u
V 2u
V 1u ∗ V 2u
V 1d ∗ V 2u
V 1u ∗ V 2d
V 1d ∗ V 2d
V 2u ∗ V 2d
V 1u ∗ V 1d ∗ V 2u
V 1u ∗ V 1d ∗ V 2d
V 1d ∗ V 2u ∗ V 2d
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Figure 5.1: Calculated flow vs measured flow.

The procedure described above was performed also for the pressure, resulting in equation
log(log(p)) = c1 ∗x1 +c2 ∗x2 +c3 ∗x3 with coefficients and parameters from table 5.2.
Table 5.2: Parameters and coefficients for the pressure equation.

Coefficient c

Parameter x

-0.1551 1
-0.8368 V 1d
-0.3566 V 1d ∗ V 2d
The pressure equation was then used to calculate a new pressure which is compared to
the measured pressures in figure 5.2.
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Figure 5.2: Calculated pressure vs measured pressure.

These equations are only valid for one particular device, but if the measurements are
standardized, and automatized it should take just a few hours to create new equations for
a new device. If it turns out that the parameters are the same for other devices but with
different coefficients, a pre-made script that calculates these could be developed.
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6 | Conclusions
In this thesis a compact, uncomplicated and combined flow and pressure sensor that can
be integrated directly into the optogalvanic detector used by ÅSTC has been successfully
developed and evaluated in the required flow and pressure ranges.
The experiments showed that the best measurement method in terms of sensitivity, linearity and hysteresis was to use a DC voltage and measure between electrodes on each
side of the plasma to a probe in the plasma. With this setup, the sensor could measure
both pressure and flow simultaneously, and mathematical functions for those could be extracted. A sensitivity of 0.04 V/sccm and 1.3 V/Torr was achieved in the range 1–15 sccm
and 1–6 Torr. The electrodes closest to the plasma shows the best flow response, but the
second closest is needed in order to obtain a good mathematical model.
To minimize charging effects, the system needs to run for ∼25 minutes before the measurement starts.
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Final notes
The compact size and high level of integrability of the demonstrated sensor concept can
enable the creation of a complete system at least a magnitude smaller than the sensors
used in space today. Although much research and development remain, this system now
have eliminated some technical questions and one can imagine that it has taken a small
step closer to being selected for a future space mission to Mars, to search for life.
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Appendix A
Layer 1

2 cm

Layer 2

2 cm
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Layer 3

2 cm

Layer 4

2 cm
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Layer 5

2 cm

Layer 6

2 cm
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