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Populärvetenskaplig sammanfattning
I dag används superikritiska fluider i flera intressanta applikationer, som lösningsmedel för
extahering av ingridienser från organiska sammansättningar och som reaktionsmedium för kemiska
reaktioner. Genom att skapa elektriska urladdningar i den superkritiska fluiden skulle nya reaktioner
bli möjliga på grund av radikaler och högenergetiska elektroner som skapas av urladdningarna.
Karakteristiskt ljus emitteras även från urladdningarna vilket kan analyseras i en spektrometer för att
ta reda på vilka ämnen som finns där urladdningarna sker.
Målet med detta projekt har varit att utforma och tillverka ett mikrofluidalt glaschip där elektriska
urladdningar kan genereras i en superkritisk miljö. Detta skulle möjliggöra ett billigt system med
optisk tillgång till urladdningarna som svarar snabbt på tryck- och temperaturändring jämfört med
den utrustning som används idag.
Det superkritiska tillståndet är en aggregationsform som förekommer då tryck och temperatur höjs
över ett ämnes kritiska punkt. I detta tillstånd uppvisar ämnet en blandning av de egenskaper som i
vanliga fall ses i gas- och flytande form. Typiskt blir ämnet tungt och har hög densitet likt en vätska
men likt en gas är det också lättflytande och kan enkelt blanda sig och lösa upp andra ämnen.
För de flesta ämnen krävs mycket höga tryck och temperaturer för att nå den kritiska punkten vilket
gör dem mycket svåranvända. I detta projekt har superkritisk koldioxid använts på grund av dess
goda egenskaper. Koldioxiden har en relativt lättåtkomlig kritisk punk vid ca
och ca 73 bar, den
är också icke-toxisk och har goda termiska och löslighetsegenskaper.
För att skapa elektriska urladdningar eller ett plasma vid låga tryck kan två elektroder som är
separerade med ett gap där gas befinner sig användas. En hög spänning som genererar ett starkt
elektriskt fält appliceras över elektroderna. Fria elektroner som befinner sig i gapet mellan
elektroderna accelereras till en hög energi i detta fält och kan frigöra elektroner vid kollision med en
molekyl. Dessa fria elektroner kan i sin tur accelereras och frigöra fler elektroner. Denna kedje
jonisation är vad som initierar ett plasma eller elektriska urladdningar. Vid höga tryck blir mediet
mellan elektroderna tätare vilket gör att fria elektroner kolliderar oftare och kan därför inte bygga
upp tillräckligt med energi för att frigöra en elektron vid kollision. Detta gör det mycket svårt att
skapa urladdningar vid höga tryck.
Genom att använda en spetsig elektrod förstärks det elektriska fältet mellan elektrod gapet lokalt.
Denna lokala förstärkning möjliggör de fria elektronernas kejdejonisation trots att mediet är betydligt
tätare. En urladdning av detta slag kallas för koronaurladdning och kan användas för att skapa
urladdningar i superkritisk koldioxid.
I dag studeras koronaurladdningar i superkritisk koldioxid för konformade elektroder riktade mot
plana motelektroder i kammare med volymen 10-1000 mL. Elektrodernas spets har en
krökningsradie runt 30 µm och elektrodgapet är i storleksordningen 100 µm. För att skapa
koronaurladdningar med dessa geometrier krävs höga spänningar upp till 40 kV. Detta ställer stora
krav på skyddsisolering av testutrustning för att göra den säker mot elektriska överslag.
I detta projekt har mikrofluidala högtryckschip av glas med integrerade urladdningselektroder
utformats och tillverkats där koronaurladdningar i superkritiskt koldioxid kan studeras. Lithografi har

använts som mönstringsteknik vilket gör det möjligt att skapa små elektrodgap och spetsiga
elektroder. Detta gör att elektroderna kan generera koronaurladdningar vid lägre spänningar vilket
gör att enklare testutrustning kan användas.
Fyra olika elektroddesigner med elektrodgap på 2, 3, 5, 8, 10 och 20 µm har tagits fram och
tillverkats. Renrumsmetoder som lithografi, våtetsning, sputtring, lift-off och glasbondning har
använts för att tillverka högtryckschipen. Chipen har testats mellan 75 och 125 bars tryck och deras
möjliga arbetsspänningar, arbetsström och förmåga att emittera ljus har undersökts.
Testerna visade att elektrodernas geometri är avgörande för att lyckas generera koronaurladdningar
vid dessa tryck. En av designerna var överlägsen när det kommer till repeterbarhet, arbetsström och
ljusemission. Korona urladdningar vid elektrod gap på 2 och 3 µm uppvisade ett bubbel liknande
område i koldioxiden mellan elektroderna. Mätningar utförda då detta fenomen observerats har
uppvisat större arbetsströmmar och mer ljusemission vilket tyder på att bubblorna kan vara ett
område med lägre densitet. Elektroderosion har visat sig vara ett stort problem för denna typ av
applikation och har begränsat mätningars repeterbarhet och elektrodernas livslängd. Detta problem
kan dock åtgärdas genom att göra elektroderna tjockare vid tillverkning.
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1. Introduction
By combining electrical discharges that generate high energy electrons, ions and radicals with a
supercritical fluid, new interesting reaction fields can be explored that differs from those of a normal
plasma in the gas state because of the special properties in the supercritical state [ 1, 2, 3, 4, 5]. The
supercritical discharge plasmas can also be used to enhance materials processing in the supercritical
state and as a pollution control tool by oxidizing pollutants [4, 6, 7]. Another interesting field would
be analytical spectrometry using the discharges as an excitation source to detect molecular
fragments or elements [8]. By using exposure times of 5-10 seconds and integration of 10-50 images,
optical emission spectra can be recorded from corona discharges [9].
Corona discharges are a form of electrical discharges that appear at sharp points of electrodes when
a high voltage is applied. At the sharp points the electric field is locally increased, providing an area
where ionization of surrounding medium is possible [10].
The supercritical state occurs when the temperature and pressure of a medium is raised above its
critical temperature, , and critical pressure, . The supercritical state has properties in between
that of a liquid and gas. The high density, like that of a liquid, gives a high solubility of many
compounds, and it is combined with a low viscosity and a high diffusivity like a gas [11]. Supercritical
carbon dioxide,
, is non-toxic, relatively chemically inert and non-flammable and has an
accessible critical point at
[1, 7, 11].
is an attractive fluid in a variety of fields for its easily accessed critical point, , its tunable
solvent power, thermal- and non-toxic properties [1, 11]. In chemical fields
is used for
chromatography [12] and thermal decomposition of organic waste [1]. It is also used in medical,
pharmaceutical and food processing fields to extract useful ingredients or remove toxic components
[1, 2, 7].
is also used in the thermodynamic field as a refrigerant and has shown potential for
materials processing [1, 2, 6, 4].
Some previous studies of discharges in
focus on discharge phenomena’s dependence of
pressure, interelectrode distance, tip radius and voltage polarity effects, and they show that corona
discharges can be generated in both liquid and supercritical phase [3]. It is recommended to use
sharper emitter tips with negative polarity to generate a stable corona within a wide voltage range
[2]. A larger interelectrode distance is recommended so the corona discharge can develop in the
larger gap, providing more radicals [2].
In the previous studies cone to plane discharge electrodes with tip radius of 30-200 µm and
interelectrode distances of 30-1000 µm have been used inside pressurized chambers with volumes of
10-1300 mL [1, 2, 7, 3, 4, 5, 13]. Electrodes of this kind require high voltages of 5-40 kV to generate
discharges, this makes safety from electrical arcing and short circuits a concern.
The combination of high pressures, small interelectrode distances and sharp geometries makes
testing of corona discharges in
optimal for a microfabricated glass chip. Close range optical
access to the corona zone is possible due to the small dimensions and transparency of the glass.
Because of the small volume of a microchip, temperature and pressure can be changed faster than
for larger systems using pressure cells. Emitter electrode tips can be patterned to sharp geometries
with interelectrode distances as small as 2 µm which lowers corona onset voltage. Smaller electrodes
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consume less power which allows the use of cheap high voltage DC converters to generate the high
voltage required for corona discharges. In short, by integrating corona discharge electrodes into a
glass chip, the size of a fingernail, one would get a safe, low cost- and low power consuming system
with optical access to the corona discharges, fast pressure and temperature control enabling high
throughput analyzing.
The goal of this project is to investigate the possibilities of generating high pressure
corona
discharges using microfabricated discharge electrodes integrated in a glass chip and provide
information of how a chip of this kind can be designed and improved.

1.1 Background
In this report the electrical breakdown voltage, or breakdown voltage, refers to the voltage where
the fluid between electrodes becomes conducting resulting in a short circuit or electrical arc over the
electrode gap. At breakdown, currents become very high due to the decrease in resistance of the
electrode gap which causes extensive joule heating of the electrodes.
Emitter electrode refers to the electrode with a high voltage that should generate a corona discharge
(figure 1.1.1). The emitter electrode often has a pointed geometry to increase the electric field. The
sharpness of this pointed geometry refers to its radii of curvature, r (figure 1.1.1). A smaller radius is
considered sharper and will generate a higher electric field. Collector electrode refers to the counter
electrode which is grounded and has a flat geometry. The interelectrode distance, d is also discussed
and refers to the shortest distance between emitter and collector electrodes. A larger interelectrode
distance will increase the breakdown voltage [10].

Figure 1.1.1. Schematics showing electrodes where interelectrode distance is marked with d,
electrode width marked with w and the radii of curvature of the needle marked with r.
Erosion of electrodes refers to all types of electrode degrading caused by applied voltage and is
generally what limits the lifetime of DC discharge electrodes [14]. Erosion is caused by the high
temperature resulting from electrical arcing, sputtering of ions, chemical reactions with surrounding
medium, or simply from electrostatic forces tearing off fragments of the electrode.
To minimize electrode erosion from electrical arcing, material properties like high melting
temperature, high heat- and electrical conductivity and high temperature rigidity of the electrodes
are important [14]. To further limit erosion from electrical arcing and sputtering, electrodes can be
made wider and thicker [15, 16], combined with a protection resistor, in the mega Ohm range, that is
connected in series with the electrodes. This limits the maximum current of the circuit and thus
reduce joule heating [2]. Erosion caused by chemical reactions with the surrounding medium can be
prevented by using chemically stable materials like platinum [17].
2

Electroplating of electrodes after manufacturing could be a fast and simple way to increase electrode
thickness and to increase lifetime of the electrodes .Therefore, this is tested in this work.
Corona discharges
DC corona discharges are a form of discharges in the Townsend regime (figure 1.1.2) that occurs prior
to breakdown in regions of high electric fields. For high corona currents, the discharge starts to glow,
becoming visible to the eye [10, 18].
Electric fields get stronger at sharp points, edges or wires [18]. By applying a high voltage to an
electrode with a sharp geometry, such as a needle, corona discharges can be generated at the needle
tip where the electric field is locally higher.

Figure 1.1.2 Shows different regimes of DC glow discharges. Image original from [18].
Five ionization processes are important in understanding of how a corona discharge works [2]:
(1) Ionization of molecules by high-energy particles due to cosmic rays or natural radioactivity.
(

)

(

)

(2) Ionization of molecules by electron impact.
(

)

(

)

(3) Re-combination of ions and electrons on impact.
(
)
(
)
(4) Photo-ionization, or the ionization of molecules by photon impact.
(
)
(
)
(5) Negative ion formation by electron attachment.
(
)
(
)
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Process (1) produces electrons randomly in the fluid around the electrodes. In high electric field
regions like at sharp points, edges or wires these electrons are accelerated to a high enough energy
to ionize other molecules in the fluid (2) resulting in more free electrons that also can ionize
molecules. This chain process is known as an electron avalanche. Electrons and positive ions in the
avalanche can recombine and produce photons (3). This is what makes the corona discharge emit
light. Process (4) causes ionization ahead of the avalanche which can result in streamers, e.g. short
lived filamentary discharges. Free electrons are removed by process (5) and this is what stops or
slows the growth of the electron avalanche keeping the corona discharge stable. The mean free path
is the average distance a particle travels before collision.
Corona onset voltage,
refers to the voltage where corona discharges starts and a corona current
can be measured. Corona current, refers to the current through the fluid between the electrodes.
Light emission
The shape of a corona zone is likely similar to that of a sphere. In this case the shape of the corona is
approximated to a half sphere since glass covers the bottom half of the corona zone. The cross
sectional area of the corona zone,
is then half the size of the light emitting area, observed in
long exposure images (figure 3.3.3 d).
Equipment
A high-pressure piston pump (ISCO DM100 Teledyne) filled with
The temperature of the
is controlled using cooling baths.

is used to pressurize the chips.

To achieve high voltages an Emco F60CT DC to High Voltage DC converter, HVDCC, is used. It is a
device that linearly converts input voltages to a higher output voltage. Since energy must be
conserved, the current is converted to a lower current in the process.
To measure high voltages safely, a voltage divider can be used to measure a fraction of the actual
voltage. A voltage divider usually consists of two resistors, one of high- and one of low resistance
connected in series. The divider is then connected in parallel with the component which voltage
should be measured. The voltage is divided over the resistances depending on their resistance values
making it possible to measure just a fraction of the actual voltage at the smaller resistance (figure
1.1.3).

4

Figure 1.1.3. Schematic drawing of a voltage divider measuring voltage over a component.

2. Experimental
2.1 Design
Each chip has a dimension of 10x15 mm and contains 5 identical electrodes with the same electrode
geometry and interelectrode distance. The electrodes have a spacing of 2.54 mm to match the wire
spacing of the flat cables used. All electrodes are centered in a micro channel that can be connected
to high-pressure
via a glas capillary. Connection pads for the electrodes are located on the side
of the chip. At each connection pad there is an etched out pocked where a wire can be inserted and
soldered to the connection pad, see figure 2.1.1 e). The pocket opening is 1350x150 µm and goes
1500 µm into the chip.
The chips are made out two glass pieces that are bonded together. The bottom piece contains the
micro channel for
and the top piece contains the electrodes. To get a good bond the
electrodes have to be in level with the surrounding glass and therefore trenches for the electrodes
are made.
Four different electrode geometries were designed to obtain information of how electrode geometry
affect
, , corona stability, lifetime and manufacturing quality. All geometries had an electrode
width (figure 1.1.1) of 70 µm and different interelectrode distances of 2, 3, 5, 8, 10 and 20 µm. A CAD
drawing of the different designs can be seen in figure 2.1.1.
A negative chromium mask containing all electrode designs was used and a positive polymer mask
was used for the micro channels and connection pad pockets.

5

Figure 2.1.1 Drawings of different geometries. a) Needle b) Multiple needle c) Pin d) Plate e) Image of
a chip with a glued capillary and flat cables connected to all of the connection pads.
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Needle design
The needle design is good for getting a low
and wide voltage operation range since the sharp
geometry will create a high localized electric field at the tip.
The downside of this design is that the sharp tip may be prone to erosion which leads to a short
lifetime and unstable operation. The small features of the sharp tip can also be hard to manufacture.
Multiple needles design
The multiple needles design has the similar pros and cons as single needle except that it could also
provide better operation stability and longer lifetime since many tips are operating in parallel. The
multiple needles will however have a shielding effect of the electric field at the tips making the local
electric field weaker than for the single needle design. It is also interesting to see if multiple needles
can operate simultaneously for up scaling of the device. If this is possible, wide electrodes can be
used with hundreds of needle tips to provide large area corona discharges. This is also interesting for
chemical reactions in the corona since the relatively small volume covered by the corona can be a
limiting factor of the reaction yields [4]. This design might also be able to have higher effect coronas
since it has more corona initiation points.
Pin design
The pin design is not as sharp as the needle design and thus will have a higher
and smaller
voltage operating range. Because of its straight geometry, erosion will be quite linear which could
make operation more stable since the electrode shape doesn’t change. However it will still have a
limited lifetime and might be hard to manufacture.
Plate design
The plate design is good for its high surface area which could increase the lifetime of the electrode
since there is more material has to be eroded for electrodes to fail. This design is also AC compatible
since the electrodes are symmetrical. However it may be hard to get corona discharges before
breakdown since the sharpest geometries are the corners making the locally enhanced electric field
relatively low.

2.2 Manufacturing
Overview
The chips are manufactured from two borosilicate wafers (Microchemicals , 4 inch in diameter,
thickness, 1.1 mm) which are processed separately. The bottom wafer contains the micro channel for
and the top wafer contains the electrodes. The wafers are aligned and fusion bonded so that
the electrodes are located within the micro channels. After bonding, the chips are diced out from the
wafers

Micro channel wafer
1 µm of molybdenum was sputter deposited on both sides of the wafer. The molybdenum serves as a
mask for HF etching (figure 2.2.1 a-b). HDMS primer is applied to the wafer so the photoresist will
adhere better. A 12 µm thick positive spray resist, AZ9260, is applied on one side of the wafer and
7

baked on a hotplate for 1 minute. Spray resist is then applied on the other side of the wafer and
baked for 20 minutes in
(figure 2.2.1 c). On one side the resist is then exposed four times with
UV light through the micro channel mask for 30 s with 45 s resting between each exposure. The resist
is developed in AZ400K (figure 2.2.1. d). The result is controlled using a microscope to make sure that
the resist fully developed and no residue can be found.
The molybdenum layer is etched for 4.5 minutes using 3 HCl: 1 HNO3 : 2 H2O and the resist is hard
baked for 20 min in
to achieve a mask that can shield from HF etching (figure 2.2.1. e). The
borosilicate glass is etched for 21.5 minutes with HF acid to depth of approximately 150 µm (figure
2.2.1. f). The trench depth was measured to a profilometer (Dektak, Vecco). The resist mask was
removed using an acetone and isopropanol wash for 10 minutes and the molybdenum mask was
removed using 3 HCl: 1 HNO3 : 2 H2O (figure 2.2.1. g). The result was evaluated using a microscope
and profilometry.

Glass

Mo

AZ9260 resist

Figure 2.2.1.Schematic representations of what the micro channel wafer looks like at different steps
of the manufacturing.
Electrode wafer
Since lift off will be used to pattern the electrodes, a negative photoresist is used to get characteristic
negative resist edges. This separates the patterned electrodes from the rest of the sputtered film and
makes lift off by acetone in an ultrasonic bath easier. The negative photoresist effect was achieved
by using a positive spin resist (S1813) on both sides of the wafer (figure 2.2.2 a-b) which is chemically
converted to a negative resist using image reversal. When the resist has been converted the wafers
are baked in
for 20 minutes followed by a 20 minute resting time for the resist to rehydrate.
The resist is then exposed in UV light for 45 s on each side and developed in AZ400K (figure 2.2.2 c).
The quality of the resist is optically controlled using a microscope. By using polarization filter to give
phase contrast, resist residues can be seen as spots on the surface but none were found.
The resist thickness was measured using profilometry. Then ~100 nm trenches were etched using
buffered HF for 3 min 20 sec (figure 2.2.2 d). After etching the total depth of resist and trench is
measured using profilometry. The trench depth is calculated by subtracting the earlier measured
resist thickness from the total depth.
8

Before sputtering of the wafers, a deposition test is made on a piece of glass to ensure that the
correct thickness is sputtered. A thickness to deposit is selected in the sputter (K665XD, Emitech).
After deposition, the resulting thickness was measured using profilometry. The resulting thickness
divided by the selected deposition thickness gives a scaling factor that was used to achieve a better
thickness when sputtering the wafers.
The wafers were plasma cleaned in 100 W for 5 minutes before sputtering to remove resist residue.
A 10 nm adhesion layer of chromium was deposited with a current of 150 mA followed by 90 nm of
platinum using a current of 50 mA (figure 2.2.2 d-f). Lift off was made using acetone in an ultrasonic
bath for about 10 minutes and the resulting thickness was measured using profilometry (figure 2.2.2
g).

Glass

1813 resist

Cr

Pt

813 resist image reversed

Figure 2.2.2. Schematic representations of what the electrode wafer looks like at different steps of the
manufacturing.

Wafer bonding
In order to achieve good bonding, the wafers must be free from particles. This can be achieved by
thorough cleaning before bonding. The wafers were first plasma cleaned in 1000 W for 10 minutes
followed firstly by a
KOH wash for 1 min 30 sec and then by a
for 15
minutes. The wafers are then aligned by hand under a stereo microscope and pressed together so
they stick. Fusion bonding is then done in a vertical oven by a temperature ramp up and down at 1
°C/min to
and a hold of 6 h. When the bonding process is completed, the chips are diced out
to their correct size (10x15 mm) using a Discodad wafer dicer.
Chip preparation
Wires are soldered to the connection pads of the chip. The other ends of the wires are soldered to
flat cables which can be connected to the HVDC (figure 2.1.1 e).
Glass capillaries are glued inside the micro channel inlet and outlet using epoxy (Araldite rapid,
Huntsmen) if flow through should be possible. Otherwise, the outlet is plugged with epoxy and a
9

capillary was only attached to the inlet. The epoxy is then cured in a vacuum oven for at least 24 h to
withstand the high pressures.
Electroplating
Electroplating of electrodes was made inside the micro channels of manufactured chips. This was
done by flowing a Ni electroplating solution, Watts type, at 0.02 mL/min through the micro channel
using a syringe pump (Harvard model). The connection pads were used to connect the electrodes to
an external voltage source. One electrode was used as counter-electrode for electroplating while the
others were plated one at a time.
(1)
To calculate the electroplating time required to achieve a certain thickness of the deposited film
equation 1 is used [19]. t is the time for electroplating, T is the thickness of the film,
is amount of
elementary charges of the ion, A is the contact area of the electroplated surface, is the density of
the electroplated nickel, is Faraday’s constant, M is the molecular weight of nickel, is the
electroplating current, is an efficiency constant used to compensate for gas evolution.
The current was held constant at 6 µA for 106 s to achieve a plating thickness of 2 µm (Equation 1).
The micro channel was then rinsed by flowing water through it.

2.3 Testing
Adhesion test
Adhesion of electrode connection pads were tested by slow pulling of a wire soldered to the pad. The
force was applied perpendicular to the connection pad’s normal (figure 2.3.1).

Figure 2.3.1. Schematic drawing of a connection pad seen from above, a wire soldered to the
connection pad is sticking out to the right where a force, F, is applied to the end of the wire.
Linear voltage test
At linear voltage testing, the input voltage to the HVDC Converter is increased by 0.01 V per 2 s,
which results in the output voltage increasing at ~3.5 V/s. Generally, the testing started at an input
voltage of 0 V which is then linearly increased until breakdown occurs where testing is aborted.
For convenience most testing was made in room temperature since the temperature seemed to have
no effect on the corona discharge phenomena.
Light emission
The area of the corona that emits light has been approximated from images captured in darkness
using an image processing program called Fiji ImageJ. Each image has a fixed 60 s exposure time. The
distance per pixel relation was set by drawing a line over a feature with known length (figure 2.3.2 a)
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and using the set scale function. The 30 % brightest pixels were filtered using the color threshold
function to determine the area of the corona using the measure function. The calculated emission
areas were then plotted against the average corona current to the corresponding images.

Figure 2.3.2 a) Distance – pixel relation determined by drawing a yellow line over the electrode width
that is 70 µm wide. b) Pixels of a certain brightness are filtered to determine corona emission area.
To get a size independent value of the current density in the corona zone, the corona currents of
each image with intact emitter needles was divided by an approximated cross section area.
Scanning electron microscopy
Scanning electron microscopy, SEM, was used to closely observe electrodes after manufacturing and
electrode erosion after testing. Acceleration voltages between 3 kV and 15 kV were used with the in
lens and secondary electron detector.
Vertical scanning interferometry
Vertical scanning interferometry, VSI was used to determine electroplating thickness.
Characterisation
To characterize electrodes using VSI and SEM the chips must be opened to expose the electrodes.
This was done in two different ways, either by grinding down the glass in a rotary grinder until the
micro channel was reached, or by increasing pressure inside the chip until the chip cracks in the
bonding interface.

2.4 Test setup
A schematic drawing of the test setup can be seen in figure 2.4.1.
The high pressure
pump uses plastic tubes to connect the pump to the chips. The capillary glued
inside the chips can be inserted into a plastic sleeve which can be tightened around the capillary and
connect it to the plastic tubes.
The HVDC converter has an input current of 0-1.5 A and input voltage of 0-15 V. It provides an output
voltage of 0.3-6 kV and output current of 0-1.66 mA. It is driven by a voltage supply which can be
operated from a computer.
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The converter is connected in series to a 5 MOhm 15 kV rated resistor to limit the current to 0-1.2
mA depending on output voltage. The negative pole of the HVDC converter is connected to the
emitter electrodes of the chip, and the positive side is grounded and connected to the collector
electrodes of the chip.
A voltage divider with a 10 Mhm and 1000 MOhm resistance is connect in parallel with the chip and a
data acquisition device, DAQ (National Instruments 9263), that measures and records the voltage.
The current is measured on the collector side of the circuit using a multimeter (Keithley 2000).
The chip is observed in a microscope (Ergolux AMC) during testing.

Figure 2.4.1. Schematic drawing of test setup. Electrical connections, marked in black, are shown
connecting the emitter side of the chip to an Emco F60CT HVDC converter via a 5 MOhm protection
resistor. The collector side of the chip is connected to ground via a Keithley 2000 to measure current.
A voltage divider is connected in parallel between emitter and collector side to measure voltage via a
DAQ. Plastic tubing, marked in orange, connected the chip to the high pressure
pump via a
cooling bath.

3. Results
3.1 Manufacturing results
The manufacturing produced an overall good result where microscope images of each design can be
seen in figure 3.1.1.
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Figure 3.1.1. Microscope images of manufactured electrodes inside a micro channel. a) Needle b)
Multiple needles c) Pin d) Plate.
Mask related issues
The HF etching produced jagged edges (figure 3.1.2). These jagged edges could not be observed in
the resist before etching.
About 1/5 of all electrodes had a twin tip (figure 3.1.3b) from the image reversal lithography.

Figure 3.1.2. Microscope image of micro channel with jagged edges.
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Figure 3.1.3. a) SEM image of a needle tip with good quality b) SEM image of a needle with twin tips.
Lift off results
The average distance difference between etched trench depth and deposited thickness was ~4 nm
above the surrounding glass for one of the wafers and ~25 nm for the other. This shows that the
method of a deposition test and calculation of deposition rate is good for obtaining a precise
thickness. The measured thicknesses vary by 10-20 nm at different places of the wafer.
Film adhesion of connection pads was proven to be good when the adhesion was tested. The
soldering connection or wire always broke without the film coming off. However, emitter needles
and pins have sometimes been partially or completely teared off during corona testing, indicating
bad adhesion at tips and edges. Observation of electrode films in SEM has shown that some edges
are very uneven and rough. Extreme examples of the poor adhesion of electrode tips and corners
were also observed (fig 3.1.4 a and b). Images of good adhesion and edge quality can be seen in
figure 3.1.4 c and d. Another observation made is that some of the electrodes have tiny holes in the
platinum film (fig 3.1.5).
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Figure 3.1.4. a) SEM image of an electrode needle that has come off completely from the substrate as
a result of the bad adhesion. b) SEM image of an electrode corner that is starting to peel off. c) SEM
image of a needle with good quality and adhesion. d) SEM image of an edge with good quality and
adhesion.

Figure 3.1.5. SEM image of holes in the electrode film.
For one of the wafers, platinum migrated from the electrodes in the fusion bonding step. This was
observed as a diffuse gray film covering the inside of the micro channels.

3.2 Chip preparation results
Connection soldering
Soldering of a wire to the connection pads in an etched out pocked proved to be a robust and easy
way to electrically connect glass integrated electrodes. The quality of the soldering was inspected in
a microscope and SEM and the result was a good coverage and wetting (fig 3.2.1 a) and b)).
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Figure 3.2.1. a) Microscope image of a wire soldered to the connection pad. b) SEM image of a wire
soldered to the connection pad.
Capillary gluing
Gluing of glass capillaries inside the microchannel using epoxy has been a successful way to connect
the chips to the high-pressure
pump. In order to get a gluing that can handle the high pressures,
a mixing ratio of 1:1 is of outmost importance. Some chips that were glued without careful ratio
control started leaking through the epoxy.
The glue tends to flow about 2 mm into the microchannel. This was not considered when the chips
were designed, so one out of five of the electrodes on almost every chip were covered in epoxy. In
some cases, the epoxy blocked the capillary opening, making the chip unusable.
Electroplating
All electrodes on three different chips were electroplated, on one of the chips the resulting thickness
was measured to 1.2-2 µm at different locations of the electrodes which is relatively close to the
theoretically calculated thickness of 2 µm.
It was observed that after electroplating, the problems with edge roughness and film coverage no
longer existed. The film thickness increased and no holes can be spotted. Edges are smoother but the
electrode needles are wider and less sharp (figure 3.2.2).
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Figure 3.2.2. SEM image of electroplated electrodes with rounded needles and smoother edges.
For some electrodes on the first and second chip, the film started to come off in corners and at
electrode tips. Cracking of the electrodes surface with flakes sticking up was also observed for the
same electrodes (figure 3.2.3 a-b).

Figure 3.2.3. a) SEM image of electrode that is starting to come off due to tensions in the film from
electro plating. b) SEM image of needle that has come off and is pointing upward.
When a high voltage was applied to the second electroplated chip, fast film growth between emitter
and collector electrodes was observed for all electrodes on the chip. The film growth resulted in
emitter and collector becoming connected thus resulting in a short circuit (fig 3.2.4 a and b).

Figure 3.2.4. a) SEM image of an electrode where a bridge has been formed between emitter and
collector. b) Close up of the bridge that connects emitter and collector.
For the third electroplated chip a good flow of electroplating solution could not be achieved. This
resulted in gas evolution at the electrode and at the connection lines embedded in glass. The gas
evolution at the connection lines most likely created a point for crack initiation. This led to a
weakening of the chip that resulted in the chip breaking as soon as it was pressurized.

17

Chip and test equipment
All chips could be pressurized to 125 bar without breaking. Pressure testing of 2 chips resulted in
them breaking at 170 and 200 bar.
Testing equipment and chips show no problems with electrical arcing or short circuits but it was
found that the protection resistor used was not large enough to protect electrodes from melting at
breakdown.

3.3 Electrode testing
Images
In the microscope images in this section, brighter areas between emitter and collector can be seen
when an external lamp is illuminating the chip. It is important to know that these brighter areas are
caused by light scattering or reflections and are not emitted light from corona discharges. While
having the lamp turned off, the emitted light from corona discharges is captured using much longer
exposure times.
Breakdown
Breakdown voltages are quite scattered but generally increase with interelectrode distance. No clear
connection between pressure and breakdown voltage can be seen, figure 3.3.0. When corona
discharges appear before breakdown, the breakdown voltage is increased significantly compared to
identical electrodes where no corona discharges are present. At breakdown, electrodes or electrode
connection lines melt violently, making them unusable for further testing. Electroplated electrodes
exhibited the same problem.

Breakdown voltage
5000
4500
4000
3500
3000
Voltage, V 2500
2000
1500
1000
500
0

75 bar
90 bar
120 and 125 bar

0

2

4

6

8

10

d (µm)

Figure 3.3.0. Plot of breakdown voltages at different pressures and interelectrode distances. The plot
only contains data from electrodes where no corona was observed.
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3.3.1 Needle design
Overview
The needle design has proven to be the most promising of the design to generate DC corona
discharges with the highest corona current and light emission of all tested designs. Smaller
interelectrode gaps of 2 µm and 3 µm has been more successful with respect to number of
electrodes working per chip, corona current, light emission and had no problems with needle
adhesion.
Electrodes with larger interelectrode gaps of 5, 8, 10 and 20 µm has rarely been working and had
problems with low corona currents of 0.2-0.5 µA and bad needle adhesion compared to the 2 and 3
µm gap. It is common that the needle gets teared off before or during corona operation which often
results in the electrode going directly to breakdown without any corona initiation.
2 µm needle design electrode 1
Electrode 1 was tested in 75 bar pressure and went directly to breakdown at 1200 V without any
reading of corona current. However weak, directed light (fig 3.3.1 b) could be spotted at the needle
tip similar to those streams spotted prior to corona initiation for electrode 2-4 (figure 3.3.4 b). The
needle was slowly eroded and the brighter region was spread to the whole side of the electrode
(figure 3.3.1c-e).

Figure 3.3.1. Microscope images of electrode 1 captured during operation a) Image of electrode
before operation. b) Image of electrode when weak light streams are spotted. c) Image of needle tip
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that is slowly eroded. d) Image of the bright streams spreading to cover the whole upper side of the
electrode.
2 µm needle design electrode 2
Electrode 2 was tested in 75 bar pressure and had a corona onset at 1180 V (figure 3.3.3). Right
before corona onset a weak directed light from the needle tip can be seen which also was observed
for electrode 3-4. At corona onset the emitter tip begins to shine brightly and a region where light is
scattered appears and covers the emitter needle and collector (figure 3.3.3 b). The light scattering
region is constantly moving and changing its shape. At 2240 V the left corner of the electrode starts
to glow and the tip of the needle seems to be gone (figure 3.3.3 c).
In figure 3.3.2, after onset the corona current keeps rising as the voltage is increased. At 2290 V the
corona current reaches a maximum of 2.05 µA. After the peak the corona current decreases at a
rapid pace as the needle is eroded until it reaches a point at 2680 V where the needle is completely
gone (figure 3.3.3c) and the corona current becomes quite stationary with increased voltage.
Breakdown occurs at 3300 V.
As seen in figure 3.3.2 the corona onset voltage seem to be pressure dependent.
increases with
increased pressure from
at 75 bar, to
at 90 bar and lastly
at 120 Bar.
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Figure 3.3.2. Plot of linear voltage test for electrode 2-4.

21

3000

3500

4000

Figure 3.3.3. Microscope images of electrode 2 captured during operation a) Microscope image of
electrode before operation. b) Image of electrodes at onset. c) Image of electrodes at 2240 V where
the left corner has started to glow. d) Image of electrodes captured in darkness during operation with
60 s exposure time. e) Image of electrodes captured with 12 s exposure time. f) Image of electrodes
captured with 60 s exposure time where a breakdown occurs during capturing. The connection line is
also lit up since it also melts or burns off at breakdown.
2 µm needle design electrode 3
Electrode 3 was tested in 90 bar pressure and had a corona onset at 1500 V (figure 3.3.2). Same
phenomena as seen for electrode 2 were also observed for electrode 3. However during peaking
corona current of 1.69 µA at 2290 V the whole needle was teared off instead of slow erosion as
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observed for electrode 2(figure 3.3.3 c). The region of light scattering at the collector remained
although no corona current or light could be observed until 2960 V where suddenly the left corner of
the electrode gets an active corona with a corona current of 0.64 µA followed by the right corner
becoming active with a corona current of ~0.45 µA. Breakdown occurs at 3540 V.

Figure 3.3.4. Microscope images of electrode 3 captured during operation a) Microscope image of
electrodes before operation. b) Image of electrodes prior to onset. c) Image of electrodes when needle
has beenteared off and no corona current was measured. d) Image of electrodes captured in darkness
when no voltage is applied with 60 s exposure time. e) Image of electrodes during operation captured
with 60 s exposure time. f) Image of electrodes captured with 60 s exposure time when the corners
start emitting light.
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2 µm needle design electrode 4
Electrode 4 was tested in 120 bar pressure and had a corona onset at 1900 V (figure 3.3.2). Only a
small region of light scattering was observed compared to electrode 2-3. At peaking corona current
of 1.57 µA at 2280 V the corona current starts dropping rapidly with increased voltage similar to that
of electrode 2. However the corona current never stabilizes and instead a breakdown occurs at 2330
V.
3 µm needle design electrode 2
The needle design electrodes with 3 µm interelectrode distance worked very similar to the 2 µm
needle design. A summary of corona onset voltage and breakdown voltage of the 3 µm chip testing is
presented in table 3.3.1.
At a lower voltage interval of 2220-2290 V only the emitter needle emits light (figure 3.3.6 a). This
interval is marked with blue and named “E2 1” in figure 3.3.5. When the voltage is increased to the
interval 2470-2700 V represented as the red line named “E2 2”, the corners of the emitter also starts
to emit light(figure 3.3.6 b). The image captured in the purple region named “E2 3” show that only
the corners are emitting light and the needle is gone.
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Figure 3.3.5. Plot of linear voltage test for electrode 2 where parts of the plot are marked in color to
show when a long exposure image was taken.
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Figure 3.3.6. Long exposure images of electrode 2 captured in darkness. When the image was
captured can be seen in figure 3.3.5 a) Needle emitting light, 60 s exposure (figure 3.3.5, “1”). b)
Needle and corners emitting light, 60 s exposure (figure 3.3.5, “2”). c) Needle and corners emitting
light. Image was taken directly after b was captured, 12 s exposure. d) Needle is gone and only
corners are emitting light, 60 s exposure (figure 3.3.5, “3”).
3 µm needle design electrode 4
Electrode 4 had the highest corona current of all chips tested. It had a current over 4 µA for about 80
seconds then breakdown occurred. Light could be captured with a low exposure time of 6 seconds
(figure 3.3.8 c).
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Figure 3.3.7. Plot of linear voltage test for electrode 4 where parts of the plot are marked in color to
show when a long exposure image was taken.
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Figure 3.3.8. Long exposure images of electrode 4 captured in darkness a) 60 s exposure image
captured during “E4 1”. b) 60 s exposure image captured during “E4 2”. c) 60 s exposure image
captured during “E4 3”. d) 6 s exposure image captured during “E4 4”
8, 10 and 20 µm needle chips
The chips with larger interelectrode distance had severe problems with needles being teared off
before corona onset. In some cases small corona currents of ~0,2 µA from electrode corners could be
measured at high voltages of over 3000 V after the needle had been teared off. The testing of all
needle design chips is summarized in table 3.3.1.
Table 3.3.1 Summary of voltage recorded chip testing. Some electrodes are not presented due to
chip failure, electrical connection problems or other unrelated system failure.
Chip distance and
Electrode
2µm C1E1
2µm C1E2
2µm C1E3
2µm C1E4
3µm C1E2
3µm C1E3
3µm C1E4
8µm C1E1
8µm C1E3

Corona onset
voltage (V)
1180
1500
1900
1870
1640
1330
1480

Breakdown
voltage (V)
1200
3300
3540
2330
3460
2330
3250
1724
3470
27

Pressure (Bar)
75
75
90
120
120
75
90
110
110

Needle adhesion
problems
No
No
Yes, after onset
No
No
No
No
No
Yes, after onset

8µm C1E4
8µm C2E2
8µm C2E3
8µm C2E5
10µm C1E1
10µm C1E3
20µm C1E1
20µm C1E2

2980
3600
2980
2470
3690

4500
4330
4890
3861
3240
4990
-

110
120
105
75
75
105
120 Bar
120Bar

Yes, before onset
No
Yes, before onset
Yes, before onset
Yes, before onset
Yes, after onset

3.3.2 Multiple needles
Overview
For larger interelectrode distances small corona currents of 0,1-1 µA have been observed for about
1/3 of the electrodes. It was also observed that the electrodes seem to be working better if some of
the needles are teared off or partially eroded. The multiple needle design has shown no signs of
measurement repeatability.
Table 3.3.2.1. Summary of voltage recorded chip testing. Some electrodes are not presented due to
chip failure, electrical connection problems or other unrelated system failure.
Chip distance and
Electrode
2µm C2E1
2µm C2E2
2µm C2E3
2µm C2E4
3µm C1E1
3µm C1E2
3µm C1E3
3µm C1E4
3µm C2E1
3µm C2E2
3µm C2E3
5µm C1E1
5µm C1E2
5µm C1E3
5µm C1E4
8µm C1E1
8µm C1E2
8µm C1E3
8µm C1E5
8µm C2E1
20µm C1E4
20µm C1E5

Corona onset
voltage (V)
1100
1200
3970
1650
2600
-

Breakdown
voltage (V)
1269
850
990
1150
1170
1020
1110
1260
1090
1080
1070
1500
1490
3260
1600
4840
3810
3950
3330
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Pressure (Bar)
90
90
120
75
90
90
125
125
90
90
90
75
75
90
90
75
90
100
120
120
120
120

Needle adhesion
problems
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes, before onset

3.3.3 Pin
Overview
The pin design had no success rate for interelectrode distances above 5 µm and low success rate of
about 25 % for 2, 3 and 5 µm chips. The region of light scattering was observed for 2 µm
interelectrode distance. This design had adhesion problems for all electrodes where a corona was
observed.
Table 3.3.3.1. Summary of voltage recorded chip testing. Some electrodes are not presented due to
chip failure, electrical connection problems or other unrelated system failure.
Chip distance and
electrode
2µm C1E2
2µm C1E3
2µm C1E4
2µm C1E5
3µm C1E1
3µm C1E2
3µm C1E3
3µm C1E4
5µm C1E1
5µm C1E2
5µm C1E3
5µm C1E4
8µm C1E1
8µm C1E2
8µm C1E3
8µm C1E4
20µm C1E1
20µm C1E2

Corona onset
voltage (V)
740
2800
840
1400
1400
-

Breakdown
voltage (V)
900
3170
1850
1250
860
910
2910
1150
1040
~840
3170
2690
1860
1810
2160
2230
4230
5000

Pressure (Bar)
75
90
105
120
75
90
105
120
90
90
110
110
75
90
105
120
75
90

Needle adhesion
problems
No
Yes, after onset
No
No
No
No
Yes, before onset
No
Yes
No
Yes, before onset
Yes, after onset
No
No
No
No
Yes
No

3.3.4 Plate
Overview
The plate design had an extremely low corona initiation success of 5-10 % as one would expect since
the only points for initiation is at the electrode corners which do not generate a particularly high
electric field. When a corona initiation has been observed the onset voltage has been close to the
breakdown voltage providing a very small window of operation voltages.
Table 3.3.4.1. Summary of voltage recorded chip testing. Some electrodes are not presented due to
chip failure, electrical connection problems or other unrelated system failure.
Chip distance and
electrode
2µm C1E1
2µm C1E2-E4

Corona onset
voltage (V)
630
-

Breakdown
voltage (V)
670
600-700

Pressure (Bar)

5µm C1E1

-

1450

90
29

90
90

Comment

Exact breakdown
voltage not
observed

5µm C1E2
8µm C1E1
8µm C1E2
8µm C1E3
10µm C1E1

2000

1480
1510
1500
1480
-

90
75
110
110
120

Not tested to BD

3.4 Light emission
In figure 3.4.2 light emission area from 6 different electrodes with intact emitter needles of 2 µm and
3 µm interelectrode distance with varying pressures of 75, 90 and 120 bar show a relatively linear
dependence of corona current despite the varying distance and pressure. The light emission area
from eroded emitter needles seems to increase with an increased corona current but the
measurements are quite scattered.
(
An average current density of
emitter needle still was intact (table 3.4.1).

) was calculated from emission images where the

Table 3.4.1. Summary of ImageJ calculated cross section area of corona, measured corona current
during image capture and calculated current density for images captured when the emitter needle
still was intact.
Image number

Cross section (

#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12

22.9
5.1
13.0
22.5
34.7
7.9
30.5
4.9
24.9
9.9
12.1
22.0

)

Average corona
current (µA)
0.7
0.15
0.35
0.8
1.6
0.3
1
0.1
1
0.5
0.6
1.2

30

Current density(
)
0.0316
0.0295
0.0269
0.0355
0.0461
0.0378
0.0328
0.0204
0.0401
0.0505
0.0494
0.0546
Average: 0.0454

Light emission area vs Corona current
80

y = 41.162x + 6.6111
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R² = 0.6795

20

Intact electrodes
Eroded electrodes

10
0
0

0,5

1

1,5

2

2,5

Corona current (µA)

Figure 3.4.2. Calculated emission area plotted against measured corona current for 6 electrodes with
interelectrode distances of 2 µm and 3 µm at pressures of 70, 90 and 120 bar. Images captured when
the emitter needle still was intact are plotted in blue and where the needle was partially or
completely eroded is plotted in red.

4. Discussion
Fabrication
Jagged edges
Since the jagged edges of the micro channel could not be observed when evaluating the photoresist
it is most likely caused by bad adhesion of the molybdenum mask. This would expose unwanted parts
of the edge to the HF acid when micro channels are etched resulting in edges becoming jagged. The
bad adhesion could be avoided with a proper cleaning step before molybdenum sputtering similar to
the cleaning done before fusion bonding.
Sputtering adhesion
Since good adhesion of the platinum film was observed at the connection pads with a larger surface
area the bad adhesion of edges is likely caused by resist residue at the edges that could not be seen
in the resist evaluation.
The sputter machine used for manufacturing uses a relatively small target of 5x5 cm that does not
completely cover the substrate. Because of this different parts of the wafer will have different
distance and angle to the sputter target. This could be the reason why measured thicknesses varied
across the wafer and could also affect other properties like adhesion and film coverage. If so the poor
film coverage observed for some electrodes (figure 3.1.7) could be related to the electrodes position
on the wafer.
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The migration of platinum in the fusion bonding step was most likely caused by bad film adhesion.
There are two theories why this occurred. The buffered HF etching could have an activating effect of
the glass surface making the chromium adhesion layer stick better, if so the time between buffered
HF etching and sputtering could play a significant role for adhesion. One of the wafers was sputtered
directly after buffered HF etch and plasma clean while the other was sputtered the day after. The
resting time of at least 15 h after could potentially have passivized the surface resulting in the
chromium adhesion layer not sticking properly. Another explanation could be that the sputter
machine’s shutter got stuck during deposition resulting in the chromium adhesion layer not being
deposited for one of the wafers.
Electroplating
None of the electroplated electrodes successfully generated corona discharges. A likely reason for
this is that the deposition times were to long resulting in blunted emitter tips causing a significant
decrease in the localized electric field.
Calculation of electroplating times seems to be a decent method for obtaining the right thickness for
micro meter scale surfaces. The calculation slightly overestimates electroplating rate which can be
compensated for in the efficiency factor (Equation 1). Further electroplating observed during corona
testing is most likely caused by electroplating solution leftovers. Thorough rinsing is required to make
sure that all electroplating solution is removed.
The combination of high film stresses from electroplating and bad adhesion of the platinum film at
edges could be the reason why the electroplated film starts to come off at corners and emitter
needles (figure 3.2.4 a-b). Film stresses could be reduced by thinner plating especially when plating
electrodes with ~100 nm thickness. Thinner plating would also reduce rounding of electrode tips
(figure 3.2.3). The rounding of electrode tips will reduce the local electric field and thus increase
.

Chip testing
Linear voltage testing
The pin and plate design had problems generating corona discharges before breakdown. The
multiple needle design which is very similar to the single needle design went to breakdown before
corona onset for interelectrode distances of 2 and 3 µm. At these distances the single needle design
excelled. This shows that electrode design is important and maximizing the electric field around
emitter tips is critical to consistently generate corona discharges.
The region of light scattering observed for smaller interelectrode distances of 2 and 3 µm could be a
low density region caused by joule heating from the corona current. A lower density region has a
longer mean free path allowing electrons to gain more energy before collision which could make
electron avalanches easier to initiate [2] and maintain which also could allow the corona zone to
cover a larger area. For electrodes where the region of light scattering has been observed corona
current and light emission has been stronger than for electrodes where this region was not observed.
This supports the theory that it is a low density region with longer mean free path.
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Erosion
Electrode erosion from operation and breakdown made testing and measuring hard to repeat,
unpredictable and time limited. Because of this it is important to better understand what erosion
mechanisms are present and how they can be reduced.
Two types of erosion have been observed during testing. Slow and continuous erosion, likely caused
by sputtering could be seen when an electrode was observed for a longer period of time. Erosion
caused by electrostatic forces could sometimes be seen as fragments of the electrode tearing off.
Many of the linear voltage measurements have a local maximum of the corona current where the
corona current starts to decrease with increased voltage. The decrease in corona current is most
likely a consequence of electrode erosion. When the electrodes are eroded the interelectrode
distance increases which will also decrease the electric field. This will make the corona discharge
zone smaller and results in a lower corona current. Sudden drops in corona current likely correspond
to fragments tearing off from the electrode while linear continuous decrease corresponds to
sputtering.
In figure 3.3.2 the corona current peak occurs at the same voltage regardless of pressure. Since
corona current peaks are connected to electrode erosion the pressure independence of the peak
indicate that erosion is mainly caused by high electrostatic forces on the emitter. If the erosion was
mainly caused by sputtering it would most likely be dependent of corona current resulting in the
current peak appearing at different voltages for different pressures.
Erosion from electrostatic forces can be completely eliminated by increasing film thickness, adhesion
and strength and would likely increase electrode lifetime significantly. However the erosion from
sputtering cannot be reduced by thicker films although the lifetime will increase since more material
has to be sputtered to cause electrode failure. At the current state, electrode lifetimes are likely
around 30 min to 1 hr if voltages are held constant and corona currents are around 1 µA. In previous
studies of low pressure chip integrated plasma electrodes lifetime was increased from a few hours to
weeks by increasing film thickness and using alternating current, AC, instead of direct current, DC
[20]. In the same study no spectral lines from the electrode material, nickel, could be spotted during
AC operation suggesting that electrode sputtering was almost completely eliminated. AC operation
of the current electrode designs is not possible since the collector electrode has no sharp point for
corona initiation. However by making emitter and collector electrodes symmetrical, mirroring the
emitter electrode, AC operation would be possible.
Corona discharges seem to delay breakdown so that it occurs at a higher voltage compared to the
breakdown voltage of identical electrodes where no corona discharges were observed. Also if large
amount of electrode erosion occurs the breakdown voltage will increase even more since the
interelectrode gap increases when emitter tips are eroded.
Increasing the thickness of electrodes was not enough to protect them from melting at breakdown.
Most likely electrodes and connection lines have to be widened and thicker combined with a larger
protection resistor to reduce joule heating. If electrode erosion at breakdown was reduced to a point
where electrodes survive the breakdown it would be possible to operate the electrodes at voltages
close to breakdown allowing much higher corona current and light emission.
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Needle design
At corona current peaks like the one seen at 2290 V in figure 3.3.2 the emitter needle is most likely
under a lot of stress and close to breakdown. The lifetime of a needle at corona peaks is around 1-2
minutes but would most likely be a lot longer if the voltage was held constant or was lowered.
Increasing the voltage stresses the needle even further resulting in a breakdown or fast erosion.
It was also observed that once a corona has been initiated it often spreads to the corners or flat side
of the electrode (figure 3.3.11 a-c). This is interesting to compare with the plate designs that seldom
generate corona discharges before breakdown. This indicates that a needle tip could be used as an
initiation point from where the corona zone later is spread to different parts of the electrode with
larger surface area where longer lifetime can be achieved.
Multiple needle
The multiple needle design could be improved by increasing the distance between emitter needles
thus reducing electric field shielding effect. This would most likely make it behave similar to the
single needle design but with multiple corona discharge zones potentially increasing corona current,
area of corona zone and light emission.
Pin
The pin design had most adhesion problems of all designs and never had corona discharges without
adhesion problems. This indicates that the pin design is too weak of a structure for this application
and since operation stability of needle geometries have not been an issue this design serves no
purpose.
Plate
The plate design had little success in generating corona discharges and shows that a sharp point that
increases electric fields is required to consistently generate corona discharges before breakdown.

5. Conclusions
Testing has shown that electrode geometry and interelectrode distance plays a huge role for
achieving predictable voltage operation regimes. Electrode erosion has been the limiting factor for
experiment repeatability and lifetime and is therefore a priority to improve.
Generating a high electric field at emitter tips is the key to reliably achieve corona discharges before
breakdown. The needle design which generates highest electric fields from simulations has shown
most success in terms of
predictability, corona current and light emission. At interelectrode
distances of 2 µm and 3 µm corona currents and light emission have been greater compared to larger
interelectrode distances.
Electrode erosion during operation is likely caused by a combination of sputtering and electrostatic
forces pulling off small pieces of the electrode film. Erosion at breakdown is caused by joule heating
melting the electrodes or connection lines. Using a larger protection resistor combined with making
electrodes and connection lines wider and thicker in manufacturing could dramatically reduce
erosion at breakdown and during operation which would increase experiments repeatability.
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