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Abstract 
 
A microphone has been used to measure the dynamic pressure inside a vacuum chamber during 

high power impulse magnetron sputtering with high enough time-resolution (~µs) to track the 

pressure change during the discharge pulse. An experimental measurement of the dynamic 

pressure is of interest since it would give information about gas depletion, which is believed to 

dramatically alter the plasma discharge characteristics. This investigation has shown that the 

magnitude of the pressure wave, which arises due to the gas depletion, corresponds to a 0.4 - 

0.7Pa (3 - 5.5mTorr) pressure difference at a distance of 15cm from the target, with base 

pressures of 2 - 6mTorr for a peak current of 110A. It has also been shown that another pressure 

wave, about 250µs later, can be detected. Its explanation is suggested to be that the initial 

pressure wave is bouncing against the chamber walls and thereby causing another peak. 



6 
 

Acknowledgements 
 
All thanks to Ulf Helmersson for giving me the opportunity to work with this interesting project 
and letting me investigate my own ideas. 
 
Thank you Daniel Lundin for being such a nice and understanding supervisor during this 
research, it has been fun! 
 
I also want to thank Petter Larsson for helping me with the construction of the microphone and 
for giving me useful ideas.  



7 
 

Contents 
Abstract ............................................................................................................................................5 

Acknowledgements ..........................................................................................................................6 

Contents............................................................................................................................................7 

1 Introduction ...................................................................................................................................9 

1.1 The concept of thin films........................................................................................................9 

1.2 Thin film growth ....................................................................................................................9 

1.4 Background ..........................................................................................................................10 

1.5 Aim.......................................................................................................................................11 

1.6 Outline..................................................................................................................................11 

2. Magnetron Sputtering.................................................................................................................13 

2.1 DC magnetron sputtering .....................................................................................................13 
2.2 High power impulse magnetron sputtering (HiPIMS) .........................................................14 
2.3 Gas depletion........................................................................................................................15 

3 Pressure gauges ...........................................................................................................................17 

3.1 Techniques to measure pressure...........................................................................................17 
3.2 Capacitance manometer (microphone).................................................................................17 

4 Experimental details ....................................................................................................................19 

4.1 The vacuum system..............................................................................................................19 

4.2 Microphone setup.................................................................................................................21 

4.2.1 General description .......................................................................................................21 
4.2.2 Electronic schematic......................................................................................................23 
4.2.3 Calibration.....................................................................................................................24 

4.3 Motivations for the selected approach .................................................................................25 
5 Summary of results......................................................................................................................27 

5.1 General observations ............................................................................................................27 

5.1.1 DC mode .......................................................................................................................29 

5.2 Pressure dependence ............................................................................................................29 

5.2 A second peak ......................................................................................................................30 

5.3 Multiple pulses .....................................................................................................................32 

5.4 Changed pulsed characteristics ............................................................................................34 
6 Discussion ...................................................................................................................................35 

6.1 Is the microphone really measuring dynamic pressure? ......................................................35 
6.2 Comments on the calibration................................................................................................36 
6.3 Comments on the results ......................................................................................................37 

7 Conclusions .................................................................................................................................39 

Suggestions for further research.....................................................................................................40 

References ......................................................................................................................................41 

 



8 
 



9 
 

1 Introduction 
 
This chapter will give a short introduction to the concept of thin films and how they are 

produced. The basics of high power impulse magnetron sputtering will be explained to clarify the 

background and purpose of this research. The aim of the research will also be presented. 

 

1.1 The concept of thin films 
A thin film is a thin layer of material which is located on a bulk material. The thickness of a thin 

film can range from just a few atomic layers (~nm) to several micrometers, but normally it is 

called a thin film when its thickness is less than 100 micrometer. The benefit of incorporating 

thin films with some other material is that it allows combining the properties of the bulk material 

with the properties of the thin film. Some interesting properties that can be achieved are increased 

wear and heat resistance, light reflection or absorption, as well as, layers in integrated circuits or 

just thin films for decorative purposes [1]. The utilization of thin films as art is not something 

newly discovered, it can be found on jewelry that was made several thousands of years ago, 

where a thin layer of gold acts as a decorative film [2]. However, in order to classify the usage of 

thin films as science, rather than art, controllability is required. When a thin film can be produced 

to get the desired properties it is called thin film technology, which has not been possible for 

more than a couple of decades. 

 

1.2 Thin film growth 
If the thickness of a thin film should be less than 1 micrometer (a human hair is about 100 

micrometers), it is understandable that a process that produces such a thin film with desirable 

properties is not straightforward. The atoms of the target have to be extracted and be transported 

from the source material (target) to the bulk (substrate). When the atoms reach the substrate they 

will have to condense on the substrate in order to form a film. Clever techniques have been 

developed which allow this process to be controlled, to some extent. The film will grow under 

conditions which can be set, and eventually result in a desired growth. There are several 

techniques available; chemical vapor deposition, heat evaporation, laser evaporation and plasma 
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assisted evaporation are some examples, of which combinations also exist. As this thesis will be 

dealing with sputtering, a short introduction to this technique will be given here, which will be 

further developed in the following chapter. 

 

Sputtering involves a target, which is a solid source of material that will be a component of the 

resulting film. The target along with the substrate, onto which the film will grow, are kept in a 

vacuum chamber to reduce contamination in the film from other constituents present in the 

surrounding atmosphere, and in some cases to increase the mean free path of the particle 

transportation, so that particles extracted from the target are allowed to travel to the substrate 

with very few collisions. The extraction of particles is a rather complicated process with several 

steps involved. But simply explained it can be achieved by applying a negative voltage to the 

target to attract positive ions from a working gas inside the chamber. The working gas is usually 

argon, which does not react with the film. Thus by using an inert working gas contamination can 

be avoided despite the fact that the base pressure usually is high enough (in the order of 1-

100mTorr) to expose the substrate to a significant number of impinging atoms. In fact, if air 

would be present instead of argon, a monolayer would form in about 10-6s at room temperature 

(page 66 in ref. [3]). When the ions are attracted onto the target they will be neutralized and the 

released energy ideally causes an atom at the surface of the target to escape in a direction towards 

the substrate. This is a sputtering event, and the target atom can now be transported towards the 

substrate, eventually condense on the surface and start building a thin film. 

 

The applied voltage to the target can either be constant or alternate in an arbitrary fashion. In 

1999 a technique called high power impulse magnetron sputtering (HiPIMS) was introduced 

which utilizes high power pulses to sputter material [4]. This technique provides a higher degree 

of ionization of the sputtered material compared to normal DC sputtering. With a larger fraction 

of ionized material, films tend to get denser. Furthermore, charged particles mean that the 

controllability is increased, which in some cases is very crucial [5]. 

1.4 Background  
One drawback with HiPIMS is that the deposition rate is lower than for ordinary DC sputtering 

[6]. One possible explanation to this is based on pressure measurements that have been carried 

out for DC sputtering. These pressure measurements have shown that there is a depletion of gas 
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in front of the target [7, 8]. This is not good since it means that the number of collisions between 

electrons, ions, and neutrals is reduced which lead to less sputtered material. In HiPIMS, 

simulations have shown that similar gas depletion is also to be expected [9]. But this has not been 

confirmed experimentally by direct measurements of the pressure. The magnitude of the gas 

depletion is thus unknown for HiPIMS. It may be responsible for the lower deposition rate or it 

may not be taken into account at all. One related feature that can be seen in HiPIMS is that the 

current through the magnetron will typically reach a maximum value after about 100µs following 

the initiation of the pulse. The suggested reason for this is that there are, at that point, not enough 

charge carriers available due to the gas depletion; since the magnitude of the gas depletion has 

not been confirmed experimentally the mechanism might involve something else as well [10]. It 

is thus of essence that the dynamic pressure during and after the HiPIMS discharge is monitored. 

1.5 Aim 
This research aims at providing experimental information about the dynamic pressure in a 

vacuum chamber where high power impulse magnetron sputtering (HiPIMS) is being used. 

1.6 Outline 
This thesis will start by an explanation of the theory behind magnetron sputtering and in 

particular the HiPIMS technique (chapter 2), which is useful in order to understand the results 

from the experiments. An introduction to pressure gauges will be given in chapter 3. The 

experimental equipment that has been used to perform the measurements will be presented in 

chapter 4. The results that the selected approach has generated are presented in chapter 5 and 

discussions and conclusions regarding these results will be found in chapter 6 and 7 respectively. 
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2. Magnetron Sputtering 
This chapter contains some theory on sputtering deposition and HiPIMS to facilitate the 

interpretation and understanding of the experimental results. 

 

2.1 DC magnetron sputtering 
To understand high power impulse magnetron sputtering (HiPIMS) it is a good idea to first have 

a look at DC sputtering. HiPIMS is based on the same principles as DC sputtering; usually the 

only piece of equipment that has to be replaced is the power supply. The idea of the DC 

sputtering technique is to extract atoms from the target material by accelerate atoms of a 

surrounding sputter gas onto the target. The sputter gas is normally an inert gas like argon to 

avoid reactions between the film and the sputter gas (but in some cases a reactive gas such as N2 

or O2 is also included). A metal ring around the target will act as an anode to attract negatively 

charged particles. Due to cosmic radiation and thermal energy there will always be free electrons 

available. So when the voltage is applied some electrons will be accelerated towards the anode. 

Some of these electrons will collide with the surrounding argon atoms and it will result in argon 

ions, according to the following reaction: 

 

+−− +→+ AreAre 2 . 

 

Now that argon ions are created near the target they will be accelerated onto the target because of 

the negative voltage that is applied to it. The impact between the impinging argon ions and the 

atoms of the target will cause the target atoms to move much like in the same way as the balls on 

a pool table, where some target atoms will be knocked out from the surface. Ideally, the atoms of 

the target should move from the target to the substrate and condensate. The process will continue 

as long as the negative potential is applied to the target and it will result in a mix of moving ions, 

electrons and neutral particles near the target. Such a mix of particles that behave like a heated 

gas of freely moving charged particles, where the average charge is zero, is called plasma [11].  
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To enhance the sputtering of the source material, magnets are placed behind the target to confine 

the electrons along the magnetic field lines. This will in turn focus the plasma closer to the target 

surface and thereby increase the density of the plasma near the target resulting in increased 

sputtering [12]. The magnets can be selected in various ways to get open or closed field lines, 

which will affect the flux of particles onto the substrate [13]. These commonly used arrangements 

are called magnetrons. 

 

2.2 High power impulse magnetron sputtering (HiPIMS) 
Instead of using a constant voltage like in DC magnetron sputtering the voltage can be applied as 

pulses. This technique was developed in 1999 by Kouznetsov and co-workers [4]. The same 

setup as in DC sputtering can still be used, only the power supply has to be changed. By using 

high power pulses the density of the plasma is increased, which will increase the probability of 

collisions between sputtered material and charged particles. Thus, the degree of ionization of the 

sputtered material can be increased. It has been shown that the degree of ionization of the ejected 

atoms from the target will affect the film quality in a positive way. For complex coatings, e.g. 

coatings on a surface with an irregular structure, like trenches etc., it is very important that the 

sputtered material is ionized in order to have a controllable growth [5]. This is because charged 

particles can be attracted to the substrate surface by using for example an external bias voltage, 

which is not possible for neutral species. The higher the degree of ionization, the better result will 

be obtained in those cases. The applied voltage in HiPIMS is typically -700V with a pulse-on 

time of about 100 microseconds and with a frequency of 100Hz (Fig. 2.1). This means that the 

peak power reaches several kilo watts. One might ask why the voltage cannot simply be 

increased in DC sputtering. The answer is that it would melt the target. 
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Figure 2.1. Typical measurement of discharge current and applied voltage during high 

power impulse magnetron sputtering. 

 

The peak current (Fig. 2.1) means that the rate of sputtering has a peak value which means that 

the deposition rate will decrease after some time, resulting in higher costs for producing the film. 

Further investigation of the reason for the peak current might be found if the gas depletion could 

be measured somehow. 

 

2.3 Gas depletion 
Due to collisions between the working gas atoms and sputtered material the gas close to the target 

will begin to heat up, which leads to thermal expansion of the gas. This thermal expansion with 

corresponding decrease in gas density has been studied before for DC magnetron sputtering 

[7,8,14,15,16]. The same mechanism might be the explanation for the peak current (Fig. 2.1) in 

HiPIMS. 
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Simulations for HiPIMS of the particle flow of the working gas, in this case argon, have shown 

that after ~100µs the density of argon 4cm away from the target is about twice the initial steady 

state density [9]. This estimation assumed a background pressure of 0.2Pa (1.5mTorr). If the 

density 4cm away from the target increases with 200%, it is likely that there is profound 

reduction of gas close to the target, which simulations show. To get more information of the 

reduction of gas (the gas depletion) near the target the dynamic pressure must be measured near 

the target. Since the voltage and current are not constant the pressure will most likely not be 

constant. A time dependent pressure (dynamic pressure) requires a pressure gauge that is able to 

respond fast to any pressure change. The next chapter will therefore deal with pressure gauges. 
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3 Pressure gauges 
This chapter includes a short introduction to pressure gauges for vacuum systems. It also 

contains a brief description of the particular pressure gauge that has been used in this research.

 

3.1 Techniques to measure pressure 
Pressure is an important parameter when utilizing any kind of sputtering. If there is not enough 

working gas, (i.e. a too low pressure), there are not enough charge carriers available to create 

plasma and there will not be any sputtered material. The gas depletion, which is the focus of this 

research, can be better understood by measuring the dynamic pressure. Many techniques have 

been developed to measure the pressure in vacuum systems. As with vacuum pumps there is no 

single technique capable of handling the entire range from atmospheric pressure (760Torr) to 

ultra high vacuum (~10-9Torr). The pressure range will decide the best suitable gauges, but the 

type of gas and its constituents are also relevant for some gauges. One way of dividing the 

methods is by saying that there are direct-reading and indirect-reading gauges. By direct-reading 

it is meant that the gauge measures the pressure as force per unit area, which is the definition of 

pressure. An indirect-reading means that the gauge measures some characteristic, like thermal 

conductivity, which has a known relation to pressure, (see for example chapter 5 about pressure 

gauges in ref. [17]). 

 

3.2 Capacitance manometer (microphone) 
In this investigation the pressure gauge had to be able to measure a dynamic pressure with a µs 

time-resolution. The most straightforward way seemed to be to measure deflection of a 

membrane. The deflection of a membrane could be measured in many ways, e.g. by optical 

means or by measuring the capacitance between two plates, which is the same way as a 

microphone used for audio recordings works. By using light that can be transported through an 

optical fiber instead of transmitting the signal electrically, there would be no interference caused 

by the magnetron. There are commercial options that are based on the idea of optical light 

measurements on the membrane available1, but they are not meant to be used in vacuum and the 

                                                 
1 E.g. OPTIMIC 2150 15kHz made by optoacoustics 
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price is very high. Therefore, a capacitance manometer was selected, since it fulfills the 

requirements and has a considerably lower price. A capacitance manometer is classified as a 

direct way to measure pressure. As mentioned before, it works in the same way as a microphone 

used for audio recordings. It measures the capacitance between two plates. A reference pressure 

can be contained behind one side of a plate or the background pressure can be used as a reference, 

which usually is the case for a microphone. If the pressure at the other side differs from the 

reference pressure, it will cause the plate, which in this case would be called a membrane, to 

deflect, which will change the capacitance due to a greater or smaller distance between the plates. 

Since the reference pressure will decide at what range the gauge can generate useful absolute 

measurements, one has to pick a gauge designed for the pressure that is going to be measured. If 

the dynamic pressure is of interest there does not have to be any static reference since the 

membrane will deflect if the pressure at either side becomes weaker or stronger. The response of 

this type of gauges (microphones) can have an upper frequency limit as high as 100kHz2; 

however, they are not intended to be used in vacuum. There have been attempts to manufacture 

membranes with thin film growth and micromachining techniques [18, 19] to enhance features 

like power consumption. To manufacture a membrane optimized for this particular case was 

found to be too time consuming. By constructing a thin and light membrane, it may be possible to 

make a capacitance manometer which can be used in vacuum and with a frequency range higher 

than 20 kHz. A very simple and cheap microphone, with an upper frequency of 20kHz, was 

finally selected to see if it would generate any useful data at all. 20kHz would mean a time-

resolution of 50µs, which is within the interesting range. Next chapter provides information about 

the experimental setup. 

 

 

                                                 
2 Capacitance microphone CO-100K made by Sanken 
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4 Experimental details 
In this chapter the vacuum system that was used will be presented. Details of the microphone that 

was selected along with electric and physical modifications that were made will also be 

presented and explained. 

 

 

4.1 The vacuum system 
The vacuum chamber that was used is cylindrical with a height of 0.70m and a diameter of 

0.44m. A turbo-molecular pump was used to get a background pressure of ~10-7Torr. A standard 

planar circular magnetron, with a diameter of 0.15m, equipped with a Ta target has been used. 

The target was water cooled during sputtering to avoid melting the target material. The magnetic 

configuration of this particular magnetron has been arranged to form slightly unbalanced 

magnetic fields, which allow charged particles to escape the magnetic field lines more easily. The 

power supply3 that was used is able to deliver 2400V and 1200A peak values. In this research the 

peak voltage has been kept under 800V and the peak current has not been higher than ~200A. 

Pulse widths between 50µs and 200µs have been investigated with a frequency of 100Hz. Argon 

(with a minimum purity of 99.9997%) was used as a working gas at pressures ranging from 2-

8mTorr. Fig. 4.1 shows a schematic overview of the vacuum system. 

 

 

 

                                                 
3 SINEX HIPIMS made by Chemfilt Ionsputtering AB, Sweden 
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Figure 4.1 Overview of the vacuum system. The exact position of each feature may differ 
from reality. 
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4.2 Microphone setup 
This part contains information about how the microphone was protected from the surrounding 

plasma in the vacuum chamber. It also contains schematics to show how it was connected. 

4.2.1 General description 
The microphone that was used in the experiments was protected from the surrounding plasma and 

from magnetic fields, caused by the discharge current, by two aluminum boxes, (Fig. 4.2 and 

4.3). An amplifier situated in the smaller box amplified the signal from the microphone before the 

signal was transferred further from the box to the interconnection at the vacuum chamber wall. 

The wires were covered by a grounded tubular copper braid and a plastic tube. The inner box was 

grounded to the chamber wall and separated from the larger box with nylon screws. The outer 

box was also grounded, but to another point on the chamber. The microphone was located 15cm 

below the target with the normal of the membrane of the microphone perpendicular to the target 

as to avoid being exposed by the direct flux of particles from the target area. 

 
The smaller inner box (Fig. 4.2), was made from a solid piece of aluminum. Adequate space for 

the amplifier and the microphone was milled and a 6mm hole was drilled. An iron mesh, with 

1mm quadratic gaps, was mounted over the hole in front of the microphone to prevent the plasma 

from entering the boxes and get in contact with the microphone. To ground the box a wire was 

mounted to it which was led to the chamber wall along with the other wires inside the protective 

braid. The wires were connected to an oscilloscope via a chamber feedthrough. 

 
  
 
 
 
 
 
 
 
Figure 4.2. The inner box. It contains the amplifier and was mounted inside the larger box. 
 
 
 

= 6mm 

4cm 

2,2cm 

2,6cm 



22 
 

The larger box (Fig. 4.3) was bought as a prebuilt box with the dimensions described in Fig. 4.4. 

It had enough room to fit the smaller box inside without being in electric contact with each other. 

The same type of mesh as the one used for the smaller box was mounted in front of the 

microphone on this box as well. The grounding was achieved via a metal pin, which the box was 

mounted onto inside the chamber. 

 

 

 

 

 

 

 
Figure 4.3. The larger box. This box acted as the outermost shield from the surrounding 
plasma. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4. A schematic of the larger box. Numbers are in mm. 
 

= 6mm 
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3,5cm 

2,6cm 
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Two boxes were used to decrease the effect of a potential shift in the plasma due to the pulse. The 

outer box will be affected by the plasma and the potential of the outer box will assume the so 

called floating potential, which arises due to a net flow of impinging electrons on its surface. If 

only one box would have been used there could still be interference caused by the potential 

change of the box. When another box is added and grounded to another point the effect is 

reduced because the inner box is affected even less. 

 

4.2.2 Electronic schematic 
The microphone and the amplifier were powered by a 9V battery. A model of the connecting 

wires to the amplifier can be seen in Fig. 4.5. Capacitors were used to stabilize the supplied 

voltage. A battery was used to serve as an independent power source for the microphone and the 

amplifier. If the power network would have been used there might have been interference as the 

high voltage is applied. The capacitors over the battery poles further increase stability.  

 

 
 
 
 
 
 
 
 

 

 

 
 
Figure 4.5. A model of the battery and the wires that are used for powering the amplifier 
and the microphone. 
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Fig. 4.6 shows the microphone4, which was modeled as a current source, and the amplifier5. The 

bandwidth of the amplifier extends well above the frequencies that the microphone can handle. 

With the configuration shown in Fig. 4.6, the theoretical amplification is around 90 and a 

bandwidth in the MHz range; this should be compared with the upper frequency of 20 kHz for the 

microphone. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.6. A model of the microphone and the amplifier; vp and vm are connected to the 
battery and use the same notations as in Fig. 4.5. 

 
 

4.2.3 Calibration 
The microphone was calibrated with the setup shown in Fig. 4.6. The calibration was performed 

at atmospheric pressure and at room temperature. A sound level meter was placed on the opposite 

side of the microphone while sinusoidal signals were used as sources. The calibration gave an 

approximate result of 0.5V/Pa for frequencies up to 10kHz. The specification of the microphone 

states about hundred times less than what was measured, which suggests that the amplification is 

around 100 (the theoretical value is 90 as mentioned before). The usefulness of a calibration 

performed at atmospheric pressure will be discussed in chapter 6.2. 

                                                 
4 PVM-4530-1423, Veco Vansonic 
5 AD8005AN, Analog Devices 
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4.3 Motivations for the selected approach 
The pulse width normally used in HiPIMS is about 100µs, so a suitable pressure gauge should be 

able to respond to frequencies up to at least 10kHz to give information about the dynamic 

pressure in this case. Many techniques that normally would be appropriate at the pressure range 

used in HiPIMS (~a few mTorr) could not be considered because of their slow response to a 

change in pressure. It might be possible to modify existing techniques to enhance their frequency 

response, but the microphone, which is based on a direct method to measure pressure, seemed as 

the most straightforward way. A condenser microphone was chosen due to the fact that it is used 

to measure dynamic pressure in the audio frequency range, 20Hz-20kHz, which corresponds to a 

period of down to 50µs. This would be sufficient to give some information about the pressure 

during a pulse.  

 

The intensity of normal conversation is around 40-60dB, which a microphone of course should be 

able to detect. This corresponds to a pressure difference of about 0.002 – 0.02Pa, which is a very 

small pressure difference; normal conversation generates a higher pressure difference than the 

HiPIMS simulations show. This would mean that the gas depletion should be measureable with a 

microphone. 
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5 Summary of results 
This chapter summarizes the results from the measurements that were carried out with the 

equipment described in chapter 4. The chapter will include some general observations and also 

specific results regarding frequently used parameters related to sputtering processes, e.g. 

pressure, current etc.   

 

5.1 General observations 
Fig. 5.1 shows a result from the microphone when the aluminum boxes were not grounded. At 

this time the setup also lacked the amplifier inside the box. No time delay can be seen between 

current initiation and the signal from the microphone. It suggests that the microphone at this point 

was not measuring pressure, but picking up current from the plasma or reacting to magnetic 

disturbance caused by the current through the magnetron. 

Figure 5.1. The response from the microphone when the boxes were not grounded and 

without any amplifier situated in the box. No time delay can be seen between current 

initiation and the response from the microphone. 
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In Fig. 5.2 a result of the final version of the microphone setup with improved shielding (as 

described in chapter 4) can be seen. The signal is amplified before it is transmitted out of the box. 

About 5µs after the voltage is applied a current begins to flow; after another 5µs the signal from 

the microphone starts to increase. 

 

The time delay between current change and microphone response as well as the distinct features 

of the signal itself, free of spurious ripple, suggest that the microphone measures dynamic 

pressure caused by incoming particles, like argon and sputtered material, instead of picking up 

electrons which travel much faster than atoms and ions. This will be further explored in the next 

chapter. 

 

Figure 5.2. General response from the microphone (~2mTorr). When the current begins to 

flow after initiation of the pulse there is a delay of about 5µs before the microphone 

responds. The figure also shows that there is a time delay between the peak value of the 

current (~60A) and the peak value from the microphone (~0.15V) of about 30µs. 
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5.1.1 DC mode 
Since the purpose is to measure the dynamic pressure the microphone should not react when DC 

sputtering is used, since equilibrium pressure is reached almost instantaneously. As a test, a 

constant voltage was applied to the target, where the microphone was placed at the same location 

15cm below the target. It was found that the microphone gave no signal during DC mode. 

 

5.2 Pressure dependence 
The peak value of the signal from the microphone shows pressure dependence, (Fig. 5.3). The 

peak value has been calculated from the maximum value of the microphone signal after pulse 

initiation, (Fig. 5.4).  

 

Figure 5.3. Peak values from the microphone for different pressures. The peak values 

decrease as the pressure increases. The peak value of the current was kept constant at 

110A. 
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When the peak current was kept constant at approximately 110A for different pressures, the peak 

value of the signal from the microphone was delayed about 30µs with respect to the peak of the 

current (as previously seen in Fig. 5.2), regardless of the pressure. However, the value of the peak 

decreased with pressure.  

 

5.2 A second peak 
The microphone picked up a second peak about 250µs after the first peak. It was measureable 

down to a pressure of about 3mTorr. Fig. 5.4 displays this feature. The time delay between the 

pulses is neither dependent on the pressure nor on the peak value of the current. 

Figure 5.4. Second peak of the microphone signal is located about 250µs after the first peak. 
Notice that the 2nd peak occurs after the pulse, when there is neither applied voltage nor a 
current through the magnetron. 
 

2nd peak 1st peak 



31 
 

The peak values of the second peaks have been studied as a function of the pressure. The result is 

shown in Fig. 5.5, where the y-axis has been multiplied with the factor that the calibration, which 

was described in chapter 4.2.3, generated (0.5Pa/V) to present the peaks in pressure difference 

instead of voltage. The values of the second peaks increase with pressure, which is opposite 

behavior compared to the first peaks. At a base pressure of 2mTorr a second peak was not 

measureable. 

 

Figure 5.5. Amplitude of the second peaks in comparison to the first peaks. The value of the 

second peaks increase with pressure. Y-axis has been recalculated into pressure difference 

instead of voltage. 
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5.3 Multiple pulses 
One experiment that was carried out used a special kind of pulsing to see how the microphone 

would respond in between short delayed pulses (Fig. 5.6). Instead of using one single pulse with a 

certain pulse width and frequency, which is normally done in HiPMS, three pulses with the same 

pulse width, 100µs, were applied in a series with a short delay, 330µs, between them. To avoid 

melting the target, the next three pulses were delayed so that the effective on time corresponded 

to a normal pulse with a pulse width of 300µs and 100Hz. In Fig. 5.6 the peaks of each pulse 

have been marked with the corresponding pressure. Peaks are calculated from the level where the 

derivative changes sign as reference. The peak value of the current decreases after the first pulse 

which suggests that 330µs is not enough time to refill with gas. The last two pulses however 

reach almost the same peak current, but there is a measureable difference between the peaks of 

the microphone (compare 2.3mTorr and 1.6mTorr).  
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Figure 5.6. A chain of three pulses with a time delay of 330µs between each pulse (4mTorr). 

The time delay to the next set of pulses has been set so that all three pulses correspond to an 

effective on time for a single pulse width of 300 µs and frequency 100Hz. Peak values are 

referenced to the corresponding level where the derivative changes sign. 

 

~3.5mTorr 
~2.3mTorr ~1.6mTorr 

77A 61A 62A 
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5.4 Changed pulsed characteristics 
The effect of the discharge pulse duration on the dynamic pressure was also investigated. 

Different pulse widths are more difficult to compare since the maximum current is reached rather 

quickly after pulse initiation, meaning that longer pulses have a very little effect on the response 

from the microphone (since the current does not linearly follow the longer pulse width of the 

applied voltage). The time when the current is non-zero (effective sputtering) has been quite 

independent of the pulse time during these experiments. By choosing another target material the 

discharge characteristics are likely to behave differently, which may allow longer pulse duration 

to become more useful with regards to measuring the dynamic pressure.  

  

 

If the time for the current rise and current peak are approximately the same regardless of the 

pulse width, the power of the pulses can be compared simply by comparing the peak current, 

since the voltage stays relatively stable in this region. In this work it was observed that the 

microphone signal increases as the current peak is increased. The suggested explanation is that a 

higher power of the pulse causes greater gas depletion, but the strict relation has not been 

investigated.  
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6 Discussion 
In this chapter the results from the microphone experiments are discussed and commented. 

Problems and further ideas will also be discussed 

 

6.1 Is the microphone really measuring dynamic pressure? 
Simulations carried out by Kadlec have shown that it takes several microseconds before the 

pressure wave, due to heating, is created and begins to move away from the target [9]. Thus, it 

was expected that the response of the microphone should be delayed with respect to the initiation 

of the discharge current. Both the initiation and the peaks of the microphone signal are delayed in 

the range of tens of microseconds compared to the same features of the current. This is in the 

same order of magnitude as expected and what simulations have shown. Electrons are expected to 

travel much faster, which would cause much faster response. If Fig. 5.1 and Fig. 5.2 are 

compared, it is suggested that the microphone measures dynamic pressure after the 

improvements.  

 

The velocities of different species present in the plasma will affect the dynamic pressure 

measurements in different ways depending on what specie we choose to focus on. A large 

amount of electrons will cause disturbance on our readings, and might lead to charge buildup. 

This effect would be seen rather instantaneous after the voltage strike of the HiPIMS pulse, since 

the electron velocity is at least 2×104ms-1 for the type of discharge used here (see for example 

Lundin et al. [20]) and the traversed distance is less than a few cm. The ions on the other hand 

are expected to be created in the close vicinity to the target surface [21] and travelling with an 

average velocity less than half of that of the electrons [20], meaning that we would expect an 

effect from the high energy metal ions (the gas ions usually have much lower energy) after 5-

10µs. This is consistent with the first detection of a pressure change seen in Fig. 5.2. 

 

In any gas the speed of sound is proportional to the square root of the pressure. Furthermore, we 

have to take into consideration that we have different species, all with different velocities, present 

in the plasma, as discussed above regarding plasma transport. However, for short time periods, 
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where the plasma conditions can be assumed to be constant these velocities are also found to be 

constant. 

From the Monte Carlo simulation of the neutral particle flow in HiPIMS by Kadlec [9], it was 

shown the neutral gas temperature was increased to 1eV after 50µs, at which time the neutral gas 

density had decreased by 60–70% in a region extending 0.02m above the race track of the target. 

This resulted in a great flow of heated gas out from the sputtering region with velocities on the 

order of 10-3ms-1, which would explain the peak values of in the pressure measurements around 

100-120µs. Furthermore, it is known from literature [22] that these types of plasma pressure 

waves can return to the bulk plasma region after interacting with the chamber wall and thereby 

affect the pressure readings. The characteristic size of our system is about 0.2m, which would 

yield an effect at the probe position after ~400µs, in perfect agreement with the detected second 

pressure peak. 

 

6.2 Comments on the calibration 
The calibration that was performed in air should in theory be applicable at any pressure since 

only the pressure difference at both sides of the membrane should force it to accelerate and 

deflect; the absolute pressure it is being used in should be irrelevant. However, one thing to 

consider is that the velocity of sound is fixed at about 350m/s in air but in vacuum flow at 

molecular flow the velocity of a pressure wave may exceed that velocity. If the same number of 

molecules hit the membrane but with a higher velocity, the higher momentum transfer will 

increase the signal from the microphone. The velocity of the pressure wave should be known if 

the number of impinging molecules from the pressure wave shall be determined. Thus, the peak 

value from the microphone can have two meanings. It can be a result of a directed flow of 

particles from the target, which will transfer more momentum to the membrane compared to 

random flow on both sides. It can also mean that the number of molecules is still the same but 

their velocity has increased due to, for example, being near the target. However, the time delay at 

pulse initiation is constant at about 5µs, which suggest that the initial reaction is only dependent 

on the distance between the microphone and the target. The time delay between the peaks of the 

current and the microphone is also constant at around 30µs, which also suggests that it only 

depends on the distance between the microphone and the target. The time delay of second peak is 
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also constant at about 250µs compared to the first peak, suggesting that it only depends on the 

dimensions of the chamber. Therefore it seems likely that the pressure wave travels with the same 

speed regardless of pressure, applied voltage, current characteristics etc. meaning that a higher 

signal from the microphone can be interpreted as more impinging particles. Further investigations 

of how these time delays depend on the dimensions of the chamber and on the distance from the 

target could verify this.  

 

6.3 Comments on the results 
The calibration will tell what pressure difference a given signal corresponds to at atmospheric 

pressure. A peak at 0.35V, 2mTorr and with 110A (Fig. 5.3) would mean a pressure difference of 

0.7Pa or ~5mTorr, (Fig. 5.5), according to the calibration. This is a very serious change since it 

corresponds to more than twice the density (or twice the velocity) at steady state pressure of 

2mTorr. If this result is compared with the simulations [9] which showed that the density of 

argon is twice the amount of the initial value (at 1.5mTorr background pressure) 4cm away from 

the target and 100µs after the initiation of the pulse, it is of the same order. The distance from the 

target and the orientation of the microphone should affect the magnitude of peak value and if the 

microphone would have faced the target the peak would likely increase a lot, but might also have 

coated the membrane with particles from the target. The microphone was placed 15cm away from 

the target, not 4cm, so the effect should be weaker, but it is actually stronger. The simulations 

only concerned argon neutrals, which may explain why it gives an underestimate. But the 

velocity must also be considered, the density is doubled but the simulations also show that the 

velocity is increased.  

 

At a pressure of 6mTorr the value was ~0.2V for the same current which corresponds to 0.4Pa or 

~3mTorr, (Fig. 5.5). At 6mTorr the relative effect becomes much less (50% instead of more than 

200%); simulations performed at this pressure have not been found. The trend of decreasing 

response from the microphone at higher pressures (Fig. 5.3) is believed to be caused by the 

shorter mean free path at higher pressures. A higher amount of the particles that travel from the 

target to the microphone will collide with other particles at higher pressures, resulting in a weaker 

signal.  
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The second peak after the pulse is suggested to be a result from a pressure wave that has bounced 

against the chamber walls and back to the microphone (as previously discussed). The time delay 

between the pulse and the second wave should in that case be different if a chamber with other 

dimensions would be used. One noticeable thing is that the value of the second peak at 6mTorr, 

(Fig. 5.5), is also quite high meaning that the effect of the wave that bounces back is 

considerable. The dimensions and the features inside the chamber would then be very important 

as well. Optimal parameters such as pulse width and pressure etc. may be very dependent on 

chamber properties. Experiments on ion acoustic waves have shown that the velocity of the wave 

decreases with increasing pressure [23]. This is consistent with these results, since a lower 

velocity of the argon ions, which impinge onto the membrane, means a lower momentum transfer 

to the membrane, which would cause a weaker signal. The wave that was studied in that case was 

however the movement of charged particles, which may look different than the neutrals. Since 

the microphone does not only measure charged particles but any particles with a mass and speed, 

the results could still have been different. 

 

When multiple pulses were used it can be seen that the conditions at the first pulse must be 

different from the conditions at the second pulse, since the same peak current is not reached (Fig. 

5.6). It suggests that ~330µs is not enough time to refill with gas. The microphone response is 

thus lower, since there is less gas at the second pulse initiation. However during the third pulse 

the same peak current is reached as during the second pulse, suggesting that the 330µs is enough 

to refill with gas to the amount that was available before, but the microphone response decreases 

even further. At the beginning of this investigation it was motivated why the dynamic pressure 

should be measured by the fact that there is a peak current during HiPIMS. As can be seen in Fig. 

5.6 the peak current does not seem to be telling the whole truth about the gas depletion near the 

target. There might be even fewer particles near the target, but still the same current can be 

measured. Still, it has to be pointed out that the measured discharge current is carried by electrons 

leaving the target as well as all ions arriving to the surface. This means that both gas and metal 

ions are acceptable current carriers, and although the gas has been considerably rarefied, there 

might be enough sputtered and eventually ionized metal to cover this loss. 
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7 Conclusions 
 
In this work the dynamic pressure in a HiPIMS plasma was measured using an ordinary 

microphone acting as a sensitive time-resolved pressure gauge. It was found that the magnitude 

of the gas depletion is in the range of 3-5.5mTorr at a distance of 15cm from the target at base 

pressures between 2-6mTorr. The magnitude of the pressure wave, which is caused by the 

depletion, is increased when the base pressure is lowered, which is believed to be caused by the 

shorter mean free path at higher pressures. A second pressure wave has been measured 

approximately 250µs after the first wave. It is suggested that the second wave arises due to the 

bouncing of the first wave against the inner walls of the chamber. The magnitude of the second 

wave increase with pressure, which is the opposite behavior compared to the first peak. 
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Suggestions for further research 
 
This research has been a first attempt to measure dynamic pressure in high power impulse 

magnetron sputtering. Based on the fact that the outcome of this research was totally unknown 

from the start, mainly because the manufacture’s intentional usage of the microphone differs 

from what it has been used for, there were no guarantees that the microphone would not be 

destroyed immediately or give erroneous results. This led to a moderate investment of money for 

an initial test, meaning that with a more expensive microphone capable of detecting even higher 

frequency features, more accurate results might be achievable. 

 

More investigations on the effect of different orientations of the microphone and its distance from 

the target should be done to give more information about the velocity and the magnitude of the 

pressure wave. Also different chambers with different dimensions should be investigated, to see 

if it leads to different time delays between different discharge characteristics and the microphone 

response. 

 

The values for the magnitude of the pressure wave should be used to fit the models that have 

been used to simulate the gas depletion in high power impulse magnetron sputtering. By using 

the values that this work has provided, a more accurate model of the particle flow could be 

generated by additional simulations. 
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