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Introduction

Presented bachelor thesis deals with the low-temperature plasma diagnostics

by means of electrostatic Langmuir probe. Plasma diagnostics is a wide branch

of experimental methods developed for the research of plasma properties in the

field of plasma physics. From numerous applications, the low-temperature plasma

technologies as the plasma jet deposition of thin layers or plasma etching may be

mentioned, where the proper knowledge of the plasma parameters is necessary

for the adjustment and reproducibility of the experiment. To the most important

parameters belong mainly concentration of ions and electrons that represents

plasma density, the electron and ion temperature and the plasma potential.

Among diagnostic techniques the probe methods take a strong part from the

beginnings of the 20th century when they were proposed by Irving Langmuir and

his colleagues. The probe method represented by electrostatic Langmuir probe is

one of the widely used tool to obtain useful and comprehensive information about

mentioned plasma parameters. With very simple design of a metal electrode (ba-

sically a piece of wire), Langmuir probe enables us to measure the current-voltage

characteristics directly inside the plasma by collecting a certain part of the charge

carriers according to the bias applied to it. By analyzing the characteristics, we

can study some of the plasma properties. What is important, we can measure

the parameters spatially by installing the probe to the demanded position. On

the other hand, by putting the probe into the plasma, we inevitably cause a per-

turbation in the plasma, which is even greater with the biased probe. Therefore

a highly persistent materials like wolfram or platinum are used for the probe con-

struction to prevent interactions with the plasma. More detailed description and

working regime will be discussed later.

All measurements were carried out on the experimental system of the plasma

jet situated in the laboratory of the Department of Surface and Plasma Science

MFF UK. The system was built in recent years, used and improved by older

students in the laboratory. This thesis aims to redound to the information about

the vertical profiles of selected plasma parameters in the jet system.

The thesis is divided into several parts. Theoretical part introduces basic

idealised theory of the plasma diagnostics for Langmuir probe. Next part de-

scribes the experimental set-up and the construction of the Langmuir probe. A

description of the software used for measurements and probe characteristics eval-

uation is also included. The last chapter introduces evaluated results of the main

plasma parameters.
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1. Langmuir probe diagnostics

1.1 Probe diagnostic method

The probe diagnostic methods belong to the section of contact methods as

we have to insert a material object into the plasma. Despite the fact of being one

of the oldest diagnostic methods, it is still very often used and further develop-

ment in order to extend its applications to more general conditions continues to

present time. As mentioned above, the method is based on the measurements and

estimation of the current-voltage characteristics - also called probe characteris-

tics - of a circuit consisting of two electrodes both placed in the plasma. Usually,

the two basic cases are distinguished:

• the single probe method - the case when both the electrodes surface areas

differ by several orders of magnitude. One of the electrodes is often the

probe itself.

• the double probe method - the surface areas of both the electrodes in the

plasma are approximately equal and considerably smaller than the dimen-

sions of the vessel containing plasma.

In this text the single probe method represented by the electrostatic Lang-

muir probe is discussed. The Fig. 1.1 shows three of the most used geometric

shapes of Langmuir probes: spherical probe, cylindrical probe and planar (al-

so called flat) probe. Although the theoretical description is more simple for

the spherical and planar probe, the cylindrical probe is the least complicated to

construct.

Figure 1.1: Typical geometric shapes of Langmuir probes. Taken from [1].
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When constructing the probe it has to be taken into account that all parts

of the probe have to be small in comparison with the dimensions of the plasma

vessel in order to decrease the influence on the plasma surrounding the probe.

Moreover, the probe has to be designed carefully to protect it from damage and

to ensure that it gives the correct I−V values. Detailed description of the probe

construction can be found in [2]. The probe tip is usually made of tungsten rod

or wire 0, 1− 1 mm in diameter. The wire is placed in a thin ceramic tube that

insulates it from plasma except for a short exposed tip (about 2− 10 mm long).

The probe tip should be centred in the ceramic tube without touching it as there

might occur electrical contact with the conductive coating accrued because of the

sputtering of the tip material. This system is encased in a vacuum vessel. The

vacuum seal is preferred to be at the outside end of the probe rather than at the

end immersed in the plasma, because a leak might occur.

In comparison to other diagnostic methods, the probe diagnostics has im-

portant advantageous attributes like relatively simple probe construction and

necessary experimental set-up for the probe measurements. Furthermore, from

the measured data it is possible to determine a large number of plasma parameters

(e.g. the electron and ion temperature, the electron velocity distribution function,

plasma (space) potential, etc.). These parameters can be measured spatially. On

the other hand, there are certain disadvantages of this method (according to [1])

that complicate the measurements and data processing. Most of all, the probe

itself perturbates the surrounding plasma by the drain of the charge carriers to

the probe. The presence of the probe might initiate some inhomogenities in the

plasma. The effects of photo-emission or the secondary emissions of the elec-

trons from the probe surface are difficult to include in the probe characteristics

evaluation. Also the heavy particles may influence the probe surface during the

measurement, what will lead to change of the surface properties (e.g. the cre-

ation of thin film on the surface) and to the difficulties of data interpretation.

According to the fact that the probe has to be in the direct contact with plasma,

its application in usual set-up is restricted to low-temperature plasma.
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1.2 Idealised Langmuir probe theory

1.2.1 Basic considerations

The particles in any gaseous media are in constant random thermal motion

with an average energy as a measure of the medium temperature. For a strict

definition of temperature we have to limit the description to those particles that

have a Maxwellian velocity distribution function.

The mean free paths (e.g. the average distance passed between the particle

collisions) of the charge carriers are assumed to be much longer in comparison to

the typical probe diameters.

Around every electrode exposed in the plasma a space charge layer (the

so-called sheath) is formed. It can be either ion-rich or electron-rich and the

thickness of the sheath depends on the potential difference between plasma and

the probe surface. Throughout this area the space potential (potential of plasma)

monotonously proceeds into the potential at the probe surface. There exists

a particular case when the potential on the probe surface equals to the space

potential. There is no reason for the formation of space charge layer around

the probe, only some random particles of both charges arrive at the probe and

deliver their charge to its surface. In most cases this current is negative due to

the much greater mobility of electrons. This is also the reason of the formation

of ion-rich sheath in front of the probe that is not biased (i.e. the probe is

electrically floating).

A common assumption [1] is that the thickness of the probe sheath is in the

same order as the Debye length λD. For the electrons, λD can be obtained from

the well-known formula:

λD =

√
ε0kBTe

e2ne

where Te is the electron temperature, ne is the electron concentration, ε0 is the

permitivity of the vacuum, kB is the Boltzmann constant and e is the elementary

charge of electron. This formula is derived under several restriction - the most

important is the assumption of ”frozen ions”, i.e. the ion temperature Ti ≈ 0.
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1.2.2 Assumptions

In order to describe the idealized Langmuir probe theory, some simplifying

assumptions have to be conceived about the plasma-probe system. The theory is

derived for the plane Langmuir probe and the detailed description can be found

in [3]. Despite some complications according to the fact that this theory uses

many approximations different from the real conditions, it does bring very useful

results from the probe characteristics. The following assumptions are considered:

• The studied plasma is isotropic, infinite (boundaries are neglected), and

quasineutral.

• Both charge carrier species in the plasma (negative electrons and single-

charge positive ions) have Maxwellian velocity distribution function.

• The main free paths for electron and ion collisions are large compared to

the probe diameter and the thickness of the sheath (the Debye length λD).

• Every charge carrier delivers only its charge to the probe surface and does

not interact with it in any other way. Ions do not remain on the surface.

The formation of a solid layer of recombined ions on the probe or chemical

reactions with the probe material can be neglected as well as the secondary

ion or electron emission from the probe surface.

• The space charge sheath formed around the probe has a well-defined bound-

ary. Outside the sheath the plasma is unperturbed.

• The thickness of the sheath is small compared to the dimensions of the

probe (again the boundaries are neglected).

• Inside the space charge sheath no ionisation and recombination processes

take place.

The Figure 1.2 shows an example of the measured current-voltage charac-

teristics of the Langmuir probe. Three main ranges A, B, C are distinguished on

the characteristics:

• A - ion saturation current range

• B - the transition region

• C - electron saturation current range
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Figure 1.2: An example of probe characteristics measured with cylindrical Lang-

muir probe on the plasma jet system under pressure of 10Pa in argon.

1.2.3 Ion saturation current range

In the ion saturation region the probe is biased negatively with respect to

the plasma potential and positive, ion-rich sheath is formed in front of the probe

surface in result. Only the ion current Iip can reach the probe in these conditions

Iip = jipAs =
1

4
niev̄iAs

∼=
1

4
niev̄iAp, (1.1)

where jip is the current density of the ions towards the probe, v̄i is the respective

mean velocity of ions, ni is the ion concentration, Ap means the geometrical

surface area of the probe and As is the space sheath surface area. According

to one of the assumptions above, we presume that the thickness of the sheath

is small in comparison with the probe dimensions. The ion sheath surface area

is approximately the same as the geometrical surface of the probe in this case.

According to the Bohm criterion the minimum velocity that ions have to reach

when entering the ion-rich sheath area is the ion-acoustic velocity va:

va =

√
kBTe

mi

, (1.2)

where mi is the ion mass. As we can see from the equation, in the case of ions the

electron temperature is decisive. Despite the fact that the Bohm criterion is valid
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for a probe with no bias applied (a floating probe), the mean ion velocity remains

constant with a more negative probe bias, just the sheath becomes thicker and

the ion current starts increasing. We also have to take into account that the

equation (1.2) does not stand for the mean three-dimensional ion velocity, but

it represents a motion directed towards the probe. Therefore an approximative

relation for ion current to the probe is used:

Iip ∼= 0, 6nievaAp
∼= 0, 6nie

√
kBTe

mi

Ap = Iis (1.3)

where Iis is called the ion saturation current, although in the real conditions it

is not strictly constant. Since we can measure the ion current to the probe, then

if we were able to determine the electron temperature Te, we would obtain the

plasma density which is according to the quasineutrality equal to the ion density

ni.

1.2.4 Transition region

When the probe bias is being increased from negative values with respect

to the plasma potential, an exponential increase of the probe current is obtained

due to the number of electrons able to infiltrate the positively charged sheath

and deliver their charge to the probe surface. But considering the probe bias,

only some electrons can reach the probe according to their velocities.Therefore

the electron energy distribution function is mapped in this part of the probe

characteristics. Moreover, the thickness of the sheath is decreasing. The electron

density on the probe surface nep is given by the Boltzmann relation

nep = ne exp

(
e(Vp − Vpl)

kBTe

)
(1.4)

where Vp is the space potential and Vpl is the plasma potential.

For the electron current to the probe the following relation is established:

Iep = −1

4
ne0ev̄eAp exp

(
e(Vp − Vpl)

kBTe

)
= Ies exp

(
e(Vp − Vpl)

kBTe

)
(1.5)

where Ies is notation for the electron saturation current, Vp is the potential of the

probe, and the mean energy of electrons is given by

v̄e =

√
8kBTe

πme

. (1.6)

where me is the electron mass. The total current to the probe in the transition

region is then given by the sum of ion saturation current Iis (1.3) and the electron

current Iep from (1.5).
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When we do not bias the probe, we say that it is electrically floating, i.e.

it is assuming a floating potential Vfl. Here the magnitudes of both electron and

ion currents are equal from which we obtain a formula for Vfl

Vfl = Vpl −
kBTe

e
ln
Ies
Iis
. (1.7)

This enables us to determine a formula for electron temperature from the knowl-

edge of the floting and plasma potentials:

Te =
2e(Vfl − Vpl)

kBln( mi

2.26me
)
. (1.8)

1.2.5 Electron saturation current range

As soon as the probe voltage Vp is equal to the plasma potential Vpl, the

space charge in front of the probe disappears, thus no electrons are reflected

anymore. All particles with trajectories intersecting the probe will carry their

charge to it. Usually the following expression

Ip(Vp = Vpl) ∼= −
1

4
nplApe

√
8kBTe

πme

= −nplApe

√
kBTe

2πme

(1.9)

where npl represents the plasma density, is a sufficiently accurate approximation

for the probe current at the plasma potential. The ion part of the total probe

current is neglected at this point because it is typically several orders of mag-

nitude lower than the electron current. What is important, only in the case of

ideal characteristics the electron saturation current remains constant. Also with

increase of the probe bias the characteristics is changing and a growing negative,

electron-rich sheath forms around the probe.
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1.3 The working regimes of the Langmuir probe

When evaluating the probe characteristics, we have to carefully decide,

which of the mentioned ideal theory assumptions fit the real conditions for mea-

surements with Langmuir probe. The working regimes of the probe are charac-

terized by the following parameters:

• the characteristic dimension rp of the probe

• the mean free path λe,i of a charged particle (electron or ion)

• the Debye screening length λD

• the plasma anisothermicity parameter τ = Te

Ti
i.e. the ratio of the electron

temperature to the ion temperature.

When the mean free path of the charged particles in plasma is much greater

than the characteristic dimension of the probe, the probe is working in the

collision-free regime. Three working regimes are distinguished according to [1]:

• λe,i � rp � λD - collision-free movement of charge carriers in the thin

sheath (the space-charge limit),

• λe,i � λD � rp - collision-free movement of charge carriers in the

thick sheath (the orbital motion limit - OML )

• λD � λe,i � rp - collision determined description of the probe current.

In our low-temperature conditions the case of λe,i � λD � rp applies. It is

obvious that λe � λi. We assume that electrons are collision-free, while the ions

uphold the case of something between collision-free and collision regime

(λe > λD >≈ λi).

A great effort has been devoted to derive a trustworthy theory for positive

ion collection by a Langmuir probe. Especially in high density plasmas it is not

possible to measure the probe current up to the plasma potential - the electron

current increases very quickly which would sooner or later damage the probe.

It is therefore desirable to obtain information from the ion current part of the

characteristics. For low-temeprature plasmas there are several theories, each is

giving different results and having different assumptions. In this work we will

restrict to obtaining information only from electron current as it is much more

simple and credible after all.
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1.4 Determination of the main parameters

In the following lines, we would try to advance towards the more realistic

conditions for working with the cylindrical Langmuir probe than we assumed in

the idealized theory above. Some important relations for computing the main

plasma parameters will be introduced.

Let the non-dimensional potential be defined:

ηp =
q0(Vp − Vpl)

kBTe

.

Then with the assumption of Maxwellian velocity distribution function of the

plasma particles, the electron current to the cylindrical probe is expressed in the

following equations:

Iep =
1

4
neeApv̄e exp (−|η|) (1.10)

for the retarding regime and

Iep = −1

4
neeApv̄e

2√
π

√
η (1.11)

for the accelerating (electron saturation) regime. As we can see from these two

equations from the neighbouring areas, the first one is exponential while the

second one contains a square root - there has to be an inflex point between them

and this point is defined as the plasma potential. The second equation assumes

an approximation of thick space charge layer, which is well-accomplished in the

plasma jet conditions. This relation is used for calculation of the electron density -

in the electron saturation region the square of the electron current is proportional

to the difference of the probe and plasma potential:

Iep
2 = 2

e3Ap
2ne

2

π2me

(Vp − Vpl) (1.12)

The linear slope of this relation determinates the electron density. Moreover, this

multipoint method is more precise than one-point method described below and

it also does not depend on the electron temperature, which is a great advantage.

Another way to obtain the electron density makes use of the electron probe current

at the plasma potential in equation (1.9). The third method that was used

to calculate the electron density, was the (Druyvesteyn’s) method of integral

evaluation given by the following relation (from [1]):

ne =
(

2

e

) 3
2
√
me

Ap

∫ ∞
0

√
Vp
d2Iep
dVp

2 dVp (1.13)
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Druyvesteyn’s method also finds the electron mean energy Emean from the

second derivative of probe characteristics:

Emean =
e
∫∞
0 Vp

3
2 d2Ie

dVp
2dVp∫∞

0 Vp

1
2 d2Ie

dVp
2dVp

(1.14)

When determinating the electron temperature Te we have to keep in mind

that it is the sum of electron and ion currents that is measured. To determinate

the temperature Te the slope of the semilogarithmic plot of electron current is

needed. The use of second derivative of the probe characteristics with respect to

the plasma potential (derivative of the equation 1.10) offers the solution. Since the

derivative of an exponential function remains an exponential function, the slope

in semilogarithmic scale of the second derivative indicates the sought electron

temperature.
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2. Experimental set-up

2.1 Langmuir probe construction

The experimental probe measurements were realised by means of the elec-

trostatic cylindrical Langmuir probe. The probe is made of tungsten wire with

the diameter of 50µm and the length of 2,5mm. The schematic construction is

depicted in the Figure 2.1. The wire is inserted into the system of two thin ce-

ramic tubes. The inner tube fixes the wire in the central position. During the

discharge, the process of material sputtering accroaches all surfaces exposed in

plasma and causes a formation of a thin metallic conductive layer. Therefore,

the outer tube is slightly shifted and juts over the inner tube in order to shield

the inner tube and to avoid any conductive connection with it during the mea-

surements. If there happened to be the conductive connection, the whole system

would become one object that collects electric current from plasma, but with

much larger diameters, which would cause larger perturbation in plasma and the

measured characteristics would be devaluated.

Figure 2.1: The construction of cylindrical electrostatic Langmuir probe. Taken

from [4].
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2.2 The plasma jet system

All measurements took place on the experimental plasma jet system situated

in the laboratory of the Department of Surface and Plasma Science MFF UK. The

experimental set-up is schematically portrayed in Figure 2.3. The vacuum system

is continuously pumped during the experiment by means of the primary oil free

piston pump, turbomolecular vane pump, and the subsidiary pumping system for

the mass spectrometer, to the pressure of several Pascals. The ultimate pressure

can reach the order of 10−6 Pa. For the pressure conditions measurements during

the experiment a Baratron vacuum gauge was used. The main advantage consists

in the independence on the composition of working gas.

The plasma jet is placed at the axis of the cylindrical vacuum chamber

vertically from the top using the motion feedthrough. It also serves as the input

of the working gas and as the hollow cathode. It is terminated by a nozzle

made of pure titanium with inner diameter of 5mm and the length of 30mm.

The refrigerating system consists of cylindrical copper blocks that surround the

hollow cathode where the water can flow.

All measurements were performed in argon. The gas continuously flowed

through the hollow cathode with the flow rate of 30sccm. The jet was gradually

shifted downwards in the central axis during the experiment as the Langmuir

probe could move only in the horizontal direction. The movement of the probe

was provided by a step-engine controlled from the computer. The minimum

distance between the Langmuir probe and the nozzle outlet was 27mm and could

be changed up to 80mm with approximately 1mm step. The measurements were

focused on the vertical spatial distribution of the basic plasma parameters in the

central axis of the plasma jet. The Figure 2.2 shows a typical discharge in the

plasma jet.

Figure 2.2: A typical discharge in the plasma jet. Taken from [5].
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2.3 The electronics for probe measurements

The scheme of the circuit for the probe measurements is depicted in the

Figure 2.2. The probe circuit was controlled from the computer. The ADLINK

DAQ 2010 card with integrated A/D and D/A with the maximal sampling rate

of 2 MHz was part of the equipment. The card could be set to different ranges

on the input and output. The range of ±10V was used. From the D/A convertor

the output voltage was brought through the isolation amplifier to the high volt-

age operation amplifier which sets the voltage on the probe. The high voltage

operation amplifier is supplied from the electrochemical power source of ±65V.

The probe current is led to the current-voltage convertor with feedback

resistor where the resistor value can be adjusted by a mechanical switch. This

way the working range is set. The converted voltage is then registered by A/D

convertor on the DAQ card. The A/D convertor has a differential input that

registers the voltage between the two inputs (the triangle in the scheme means

the ground of the battery source). The measurement of voltage is done with

respect to the ground of the battery source which is separated galvanically from

the ground of the computer. Therefore there is no need to use the second isolation

amplifier for the probe current measurement.

Through a computer program written in HP VEE the parameters for mea-

surements and the output voltage on the selected chanel of DAQ card were set.

Figure 2.3: Schematic experimental set-up of the plasma jet system with the

electronic circuit for Langmuir probe measurements. The pulse switch was not

used in the described experiments. Taken from [6].
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2.4 Software for data evaluation

The measured characteristics were evaluated by specialized program START 1

designed for processing the data obtained from the measurements with a cylin-

drical Langmuir probe in a single-component plasma under no influence of the

magnetic field. A detailed program description can be found in [8]. The pro-

gram locates the floating potential and calculates the second derivative of the

measured characteristics, from its zero-cross the space potential is estimated.

The space potential is also determined from the position of the floating poten-

tial under the assumption of Maxwellian electron energy distribution function

(EEDF). The electron temperature calculation has to satisfy the assumption

of Maxwellian EEDF as well and it is estimated from the slope of the second

derivative of the total probe current (1.10).

The electron density is calculated from the measured value of the cur-

rent at the space potential (1.9), from the integral evaluation (1.13), and from

the OML model in the electron acceleration regime (marked also as Ie square -

equation (1.12)). From the integral evaluation, the electron mean energy is

calculated, too (1.14).

The latest version of the program enables to calculate the electron densi-

ty and most probable energy under the arbitrary electron energy distribution

assumption. The figure 2.4 shows the START program enviroment.

Figure 2.4: An example of the enviroment of START, the program used for data

evaluation. The measured current-voltage characteristics is depicted in semilog-

arithmic scale with dark blue color. The green curve is the electron current and

the computed second derivative is violet.

1The author of the program code is doc. Mgr. Pavel Kudrna, Dr., Department of Surface
and Plasma Science MFF UK. The first version of the program was published in [7].
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3. Results

3.1 Vertical profiles of the main parameters

Presented experimental results study the discharge in argon in the system

of plasma jet by means of single electrostatic Langmuir probe. Through a com-

puter operating program the bias on the probe was increased in 20mV steps

from initial value of -6V to the final of 2V. The range for measurement of the

probe current was set as 5mA. For the conditions under pressure of 10Pa and 5Pa

the current-voltage characteristics were measured. From these characteristics the

vertical profiles of basic plasma parameters (electron density, temperature and

mean energy, floating potential, plasma potential) were evaluated. Vertical shift

is labelled h in all following figures.

Program START was used for data evaluation. All figures were depicted in

Origin 8.0. The program also calculated standard deviations that are represented

by error bars. Measurements under the pressure of 10Pa were repeated twice in

order to prove that the reproducibility of data is credible, and therefore depicted

with two independent lines in the same color. In the following text this notation

is established: by Te we mean kBTe as a temperature in energy units.

The Figure 3.1 shows vertical profile of electron density in plasma jet

under the pressure conditions of 5Pa and 10Pa. Measured data were evaluated by

three different methods: integral evaluation (marked integral ev. in the picture),

from the plasma potential (Vpl) and from the slope of the square of electron

saturation current (Ie sqr). As we can see in the picture, these methods are in

a good consensus except for a slight constant shift, which is typical for given

methods and is connected with the assumptions in computing for the specific

kind of plasma that are not completely fulfilled. Data with identical pressure

conditions were fitted together with linear function to express mutual descending

trend. The accuracy of single values were estimated as standard deviation from

the trend line. The Ie square method is more accurate than determination of

electron density from the plasma potential. This is mainly because the latter

method uses only one value of current at the plasma potential to evaluate the

electron density and also does depend on electron temperature. The ”signal noise”

on the red curve depicting the Vpl method is slightly copying the shape of the

electron temperature dependence below (Fig.3.2). The Ie square method does not

depend on electron temperature. What is also interesting, the electron density

at 5Pa is approximately half of the density at 10Pa and the ratio maintains the

same throughout the measured range.
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Figure 3.1: Vertical profile of electron density in different pressure conditions.

Measurement under the pressure of 10Pa was repeated twice and is depicted in

the same color (red dots).

The Figure 3.2 shows vertical profile of electron temperature. The elec-

tron temperature was determined from the slope of the second derivative of the

characteristics in the transition region according. In some (but not many) char-

acteristics measured under the pressure of 5Pa there occurred electrons with

double-maxwellian energy distribution, which was neglected during the data eval-

uation in the START program. In this evaluation method the high energy elec-

trons are not taken into account which makes a difference in comparison to the

the integral evaluation method (Figure 3.3) that was used for computing the

electron mean energy. The integral method’s input area also includes the

electrons of higher velocities. In the next graph (Figure 3.4) the electron temper-

ature was compared to the mean electron energy in order to verify the well-known
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relation between these two physical quantities Emean = 3
2
Te in energy units. By

comparing the single values of Emean and Te for 10Pa and then for 5Pa we can

see that the mean energy is a bit higher than it should be. It is caused by the

computing differences mentioned above connected with including the high elec-

tron energies. What is also very interesting to notice in the Figure 3.4, there is

a qualitative difference in the tendencies of trend lines in the values of electron

temperature and the values of electron mean energy. The trend lines in the case

of electron temperature diverge, whereas in the case of the electron mean energy

the trend lines converge. We can also notice that the decrease of the electron

temperature in case of the pressure of 5Pa is more steep than the decrease of the

values of the Emean under the same pressure conditions which is not observed in

the conditions of 10Pa. The explanation might consist in the fact that the main

free path is dependent on the pressure conditions - in 5Pa the main free paths

are greater than in 10Pa. Therefore the effect of high energy electrons showed in

the lower pressure and also in the greater distance from the jet nozzle.

Figure 3.2: Vertical profile of electron temperature in different pressure condi-

tions.
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Figure 3.3: Vertical profile of mean kinetic energy of the electrons in different

pressure conditions.

Figure 3.4: Comparison of electron temperature and electron mean energy.

19



The floating potential is shown in Figure 3.5. Its increasing tendency is

visible, which does not refer qualitatively about the changes of plasma potential

(which remains constant). In fact, it is in accordance with the decreasing electron

temperature, in terms of the well-known relation [3]

Vfl = Vpl −
kBTe

e
ln
(
Ies
Iis

)
where Iis is the ion saturation current, Ies is the electron saturation current, e is

elementary charge of electron and kB is the Boltzmann constant. When we know

the electron temperature, the plasma potential can be calculated easily from this

equation. Let us now assume that the temperature Te now means kBTe

e
in energy

units of Volts. Derived equation after substituting into the saturation currents

displays that the difference between the floating potential Vfl and the plasma

potential Vpl is proportional to the electron temperature:

Vpl − Vfl = Te
1

2
ln

(
mi

2, 26me

)
≡ αTe

The factor α has the value of 5,19 for argon. From this formula we can verify

quantitatively that the decreasing electron temperature is responsible for the

increase of the floating potential. Origin 8.0 calculated the slopes of the regress

lines which are for the floating potential:

(1.14± 0.37) [V/m] for 10Pa

(1.46± 0.39) [V/m] for 5Pa

and for the electron temperature:

(−0.21± 0.07) [V/m] for 10Pa

(−0.33± 0.07) [V/m] for 5Pa

We multiply the values for the electron temperature by the factor−α and compare

the result with the floating potential in the corresponding pressure conditions.

The results do agree within the range of uncertainty:

(1.09± 0.36) [V/m] for 10Pa

(1.71± 0.36) [V/m] for 5Pa

The Figure 3.6 shows profile of plasma potential. When taking into ac-

count the data noise, no considerable trend was measured within the distance

range (27mm - 80mm) from the jet nozzle. Most of the cathode fall happens

between the hollow cathode walls and the plasma on the axis. Therefore there is

no electric field in the measured area and the plasma potential remains constant.
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Figure 3.5: Vertical profile of floating potential in different pressure conditions.

Figure 3.6: Vertical profile of plasma (space) potential in different pressure con-

ditions.
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Conclusion

In this bachelor thesis the discharge in the low-pressure plasma jet sput-

tering system was studied. The plasma diagnostics was realized by means of a

cylindrical single Langmuir probe. The probe was placed it the central axis of

the vacuum chamber in a stabile position, while the jet nozzle was moved step by

step in the vertical direction from the probe and the current-voltage character-

istics were measured. From data obtained in conditions under pressure of 10Pa

and 5 Pa, the main plasma parameters - electron density, electron temperature

and mean energy, floating potential, plasma potential - and their vertical profiles

were evaluated.

Presented experimental results proceeded in the systematic research oriented

on the plasma diagnostics of the discharge in the plasma jet system realised for

several years. The measurements helped to ”prepare the ground” for later usage

of the plasma jet system in terms of its purpose. Its most important application

is deposition of thin layers. Plasma jet is able to create a well defined ”channel”

which is especially convenient for substrates with complicated geometrical shapes,

some layers with specific optical or electrical properties even cannot be prepared

in other way. The processes of material depositions would not be possible without

proper knowledge of the plasma properties which is a key factor for controlling,

reproducibility and proper functioning of all experiments.
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[5] M. Tichý et al., “Langmuir probe measurements of spatial plasma profiles and

temporal dependences in a dc-energized hollow-cathode plasma jet system,”

J. Plasma Fusion Res. SERIES, 2009.
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List of Abbreviations

I electric current

V electric voltage

λd Debye length

rp characteristic dimension of the probe

λe,i the mean free path of electrons resp. ions

τ plasma anisothermicity parameter

Te electron temperature

Ti ion temperature

kB Boltzmann constant

ε0 permitivity of vacuum

e elementary charge of electron

ne,i,pl density of electrons resp. ions resp. plasma density

Vfl floating potential

Vpl plasma (space) potential

Vp probe potential

Iip ion current to the probe

Iep electron current to the probe

Iis ion saturation current

Ies electron saturation current

As space sheath surface area

Ap geometrical surface of the probe

jip current density of ions

v̄e,i mean velocity of electrons resp. ions

me,i electron resp. ion mass
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va ion accoustic velocity

ηp non-dimensional potential

nep electron density on the probe surface

Emean mean energy of electrons
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