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In situ probe measurements of plasma parameters during the deposition

of boron coatings by the magnetron method
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The features of the probe technique are described and the results of measuring the parameters of plasma

generated by a planar magnetron sputtering system with a pure boron target during coating deposition are presented.

A feature of probe measurements was the use of heating the collecting surface of a single Langmuir probe. Heating

led to a decrease in the electrical resistance of the boron film on the surface, which made it possible to carry

out in situ probe measurements of the magnetron discharge plasma parameters during the entire process of boron

coating.
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Introduction

Creation of boron layers on surfaces of materials is

widely used to modify metal and alloy surfaces for the

purpose of their hardening, improvement of wear resistance

and corrosion resistance [1,2]. Traditionally boriding is

a process in which the surface is diffusion-saturated by

boron from a boron-containing medium at high temperature.

Depending on the physical state of this medium, three main

methods of boriding are distinguished: gas boriding [3], liq-
uid boriding [4], and solid state boriding [5]. More recently,

traditional methods of boriding are being rivaled by plasma-

assisted methods, there the fourth physical state of matter,

i.e. plasma generated in low-pressure electrical discharges,

is used as a boron-containing medium. The plasma-assisted

methods allow not only diffusive saturation of surface with

boron, but also creation of boron coating on it [6], as it

is implemented, for example, with the use of magnetron

discharge [7].

At the same time, the magnetron method in its traditional

implementation is not completely suitable to apply boron

coatings on surfaces. Pure boron at normal conditions

has high specific electrical resistance at a level of units

of M�·cm [8], which impairs functioning of the magnetron

discharge with a cathode (target) made of boron with

currents acceptable for process application. To address this

problem, we have proposed and implemented a design of

planar magnetron with thermally isolated target made of

pure crystal boron pre-heated in high-voltage magnetron

discharge [9]. Since boron is a semiconductor material and

has negative temperature coefficient of electrical resistance,

with the target heated up to several hundreds degrees its

resistance decreases down to a level where stable burning

of the magnetron discharge with direct current of hundreds

milliampere becomes possible. Another difficulty for the

use of boron target in magnetron was the formation of

non-conductive boron coating on the anode impairing the

discharge current closure. This problem was resolved

through application of a special anode design with part of

its surface not subjected to intensive sputtering. All this

allowed ensuring boron coatings application on the surface

at rates of about 5 nm/min.

Since boron has more than 10 allotropic modifica-

tions [10], which are significantly different in their physical

and chemical properties, the properties of boron coatings

are defined by conditions of their application. In turn, the

conditions of coatings formation are defined by parameters

of the plasma in which they grow. Thus, when applying

boron coatings, it is necessary to control parameters of the

plasma. Since application of coatings using a magnetron

dc sputter is a continuous process with typical durations

from tens of minutes to several hours, it is necessary to

provide for measurement and control of plasma parameters

throughout the entire cycle of coating application. To

measure parameters of plasma, the probe method suggested

by I. Langmuir as early as in 1926 [11] is widely used.

However, non-conductive boron coating is deposited on

the working surface of probe and it distorts current-voltage

curve of the probe then plasma parameters are measured

by the probe method. Cleaning of the probe surface

from non-conductive boron coatings does not solve the

problem, because typical times of coating formation causing

significant distortions of probe characteristics are 5−10min.

To address the problem, we have developed a single probe

with its working surface heated up to a temperature, at

which the boron coating becomes conductive. This allowed

us to provide for continuous in situ measurement and
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control of plasma parameters throughout the entire process

of boron coating application with a duration of up to 10 h.

1. Procedure and technique of the
experiments

The experiments, which results are reported in this work,

were performed with the use of a planar magnetron with a

thermally insulated target of 99.99 at.% pure boron heated in

a discharge. The target had a diameter of 51mm, thickness

of a 4mm, and was manufactured by the method of hot-

pressing of crystal boron with a grain size of 1−20µm in

vacuum. Design of the magnetron used in the experiments

is shown in Fig. 1, a and its parameters and characteristics

are detailed in [9,12]. The magnetron was placed on the

end flange of a cylinder vacuum chamber with a diameter

of 30 cm and a length of 40 cm made of stainless steel.

Anode of the magnetron was electrically connected to the

vacuum chamber body. The chamber was fore-vacuumed

by a 2NVR-5DM rotary vane vacuum pump and high-

vacuumed by a Varian TM101 turbomolecular pump down

to a pressure of 0.2mPa.

The magnetron discharge was powered from two stabi-

lized power supply sources by Spellman: SL150 and SL300

with adjustable maximum voltages of 6 and 3.2 kV and

currents of 25 and 200mA, respectively. Both sources were

functioning in the mode of current stabilization. The SL150

source was used to initially warm up the target in a relatively

weak-current high-voltage magnetron discharge, while the

SL300 was turned on after the target was heated, to provide

a magnetron discharge current of 25 to 90mA DC in the

process of boron coating application. The instability of

the discharge current in the process of coating application

and probe measurements of plasma parameters of the

magnetron discharge was less than 0.1mA. The lower range

of the discharge current was selected to ensure sufficient

rate of the boron coating application onto the substrate,

and the upper current range was limited by the possible

thermoelastic destruction (cracking) of the relatively brittle

boron target. The experiments were carried out at a pressure

of working gas — argon — from 0.3 to 1 Pa. With lower

gas pressures the magnetron discharge evolved to the weak-

current high-voltage mode of burning with a current of a

few milliamperes and a voltage of a few kilovolts. With

higher pressures the rate of coating application decreased

due to elastic collisions of boron atoms sputtered from the

target surface and atoms of the working gas.

The electrode configuration of the single Langmuir probe

used in the experiment and schematic diagram of its power

supply sources connection are shown in Fig. 1, b. The U-

shaped probe with a length of 20mm was made of tungsten

wire with a diameter of 1.0mm. The diameter of wire

was selected based on the condition of its exceedance over

the thickness of the space charge layer near the collecting

surface of the probe in all ranges of discharge current and

voltages of the current-voltage curve of the probe to be

measured. When measuring plasma parameters, the probe

was positioned at a distance of 50 mm from the surface

plane of the magnetron target (Fig. 1, a). The distance

from the target to the probe was selected based on the

condition that it should be much less than the thickness of

the negative space charge layer of the probe in comparison

with the typical dimension of the Larmor radius of plasma

electrons in the scattered magnetic field of the magnetron.

In [13] results of magnetic field measurements are reported

depending on the distance to the target, from which it

can be seen that the field strength at the point of probe

is negligible (less than 0.5mT), therefore the effect of

magnetic field on the current-voltage curve of the probe

can be neglected.

The choice of U-shaped configuration of the probe is

caused by the necessity to compensate for the self-magnetic

field of the probe when an up to 10A direct current

flows through the probe providing its warming up to a

temperature of up to 500◦C. Without the probe warming

the high resistance of the boron coating on the collecting

surface of the probe caused a decrease in the current

measured by the probe, a change in slope of the current-

voltage curves of the probe and their shift towards the

region of lower voltages. Thus, after 30min of magnetron

operation with a boron cathode, the ion saturation current

of the probe decreased by 3−5 times. Since boron is a

wide-bandgap semiconductor, it has a negative temperature

resistance coefficient. Thus, with a temperature increase

from 20 to 300◦C, the specific electrical resistance of crystal

boron decreases by five orders of magnitude: approximately

from 3M�·cm down to 20�·cm [8]. With a heating

current over 9A flowing through the probe and heating its

surface and, respectively, forming a boron film, the current-

voltage curve of the probe remained almost unchanged

throughout the entire duration of the measurements. The

time to obtain the current-voltage curve of the probe

in the process of plasma parameters measurement was

about 3min. It was multiple times less than the typical

measurement time of plasma parameters of the discharge

related to the depositing of boron coating on electrodes. In

the process of measurements, the plane of U-shaped probe

was oriented parallel to the magnetron target surface. At

the same time, the plasma flux of the magnetron discharge

was directed predominantly perpendicular to the probe

plane. This ensured maximum ion current into its collecting

surface, which allowed decreasing the signal-to-noise ratio

when measuring current-voltage curve of the probe and

thus ensuring required accuracy of the current-voltage curve

measurement near the floating potential of the plasma at low

discharge currents.

To measure current-voltage curve of the probe, two

sources of stabilized voltage were used, B1 and B2

(Fig. 1, b). Source B2 provided a constant reference voltage,

for example, +30V, and source B1 was used to change

the prove potential by voltage with an adjustable step

of 0.1 V. This configuration allowed measurements of ion

and electron branches of the current-voltage curve without
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Figure 1. Planar magnetron (a) and single probe with power supply sources connection circuit diagram (b). 1 — anode, 2 — boron

target, 3 — additional anode rings, 4 — NBFe-magnets, 5 — thermal-insulating gaskets of GraFoil, 6 — probe, 7 —- quartz tube, 8 —
current leads, B1 B2 and B3 — stabilized power supply sources.

switching over the power supply source polarity. Current

and voltage of the probe in relation to the earthed vacuum

chamber were measured by Fluke-287 digital multimeters

with an impedance of 10M�. All this allowed us to ensure

high stability and reproducibility of plasma parameters mea-

surement results in the process of their in situ monitoring

when applying boron coating by the magnetron method.

2. Experimental results and discussion
thereof

Probe measurements consisted in determining of the

current-voltage curve of the probe, i.e. the dependence

of current in the probe circuit on the probe voltage in

relation to the reference electrode (in this case - the earthed

vacuum chamber). Current-voltage curves of the probe

measured at a magnetron discharge current of 75mA in

linear and semilogarithmic scales are shown as an example

in Fig. 2. The shape of current-voltage curves of the

probe can be qualitatively explained as follows. With a

high negative potential only ions are fed from the plasma

to the collecting surface of the probe, while electrons are

reflected by the probe potential. When a positive potential in

relation to the plasma is applied to the probe, only electrons

are fed to its surface, and their current is considerably

higher than that of ions because of the greater mobility

of electrons. Further increase in positive potential of the

probe results in growth of the electron current due to

the increase in collecting surface of the plasma boundary

with the increase in space charge layer thickness near the

probe surface. With a probe potential close to the floating

potential in the plasma, the probe current is composed of

the currents of electrons and ions onto the probe surface,

with current polarity being defined by predominance of

either of the particles. Temperature of plasma electrons

was determined by the slope of electron branch of the

current-voltage curve of the probe in semilogarithmic scale

(Fig. 2, b) before the saturation section Isat. There are two

linear sections on the presented current-voltage curve: Icold
and Ihot, which occurrence can be explained by the presence

of two groups of electrons with different temperatures in

the magnetron discharge plasma. The presence of these

two groups of electrons in the magnetron discharge with

a metal conductive target was registered earlier in [14–

17]. In the processing of the current-voltage curve of

the probe, the beginning of the saturation current section

of the electron branch was used to determine the plasma

potential, then the above-mentioned procedure was used to

determine temperatures of two electron groups, and then the

plasma concentration was determined. Mean temperature

of hot electrons in the plasma is about 5 eV, which is

approximately 3 times higher than the temperature of cold

electrons.

Note, that Debye radius for mean values of temperature

and concentration is approximately equal to 0.11mm, while

the probe radius is 0.5mm, i. e. several times greater than

the Debye radius. Since we used argon as a working gas,

and taking into account that with these parameters of the

discharge current, the plasma is composed mainly of argon

ions, then path length of argon ions in their gas for a

pressure of 0.4 Pa is at least 1.6 cm. Free path length of

electrons in argon is 5.6 times longer. Thus, free path lengths

of particles are considerably greater than the probe radius.
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Figure 2. Current-voltage curves of the probe for the magnetron discharge with a boron target and a current of 75mA at different argon

pressures (a) and current-voltage curve of the probe in semilogarithmic scale at an argon pressure of 0.93 Pa (b).

Plasma density was estimated on the basis of ion

saturation current. The ion saturation current was calculated

from the equation of approximating straight line of the ion

branch of the probe characteristic in the point where the

probe potential is greater (in absolute value) than the space

potential or the plasma potential by a value of kTeff/2, when

the prelayer near the probe is completely formed [18,19].
The plasma potential was determined in the region of

bend of the transient and electron branches of the current-

voltage curve of the probe plotted in semilogarithmic scale

(Fig. 2, b). Although in our experiments the electron satura-

tion current was not used to determine the plasma density,

this current can be determined from the approximating

straight line Iel(U) in the point of its intersection with the

straight line Icold(U). The plasma density n0 was determined

by the Bohm formula for the ion current from the plasma

to the negative cylinder electrode [20]:

n0 =
I i

0.61eAcoll

×

√

meff

Teff

,

where I i — ion saturation current, e — electron charge,

Acoll — collector area, Teff — effective electron temperature,

meff — effective mass of plasma ions. From the results

of [17] it follows that value of Teff is close to the temperature

of the cold component of the plasma, and therefore, in

determining the n0 it was assumed that Teff ≈ Tcold. Since,

according to [12], at a current of magnetic discharge with

boron target less than 100mA, boron in the discharge

plasma is represented mainly as non-ionized atoms sputtered

from the target surface and concentration of boron ions is

approximately 50 times less than that of single-charged ions

of argon, then meff was assumed equal to the argon mass.

The calculated density of plasma is in the range from 3 · 109

to 6 · 109 cm−3. Dependencies of parameters of magnetron

discharge plasma with boron target on the working gas

pressure obtained as a result of processing of current-voltage

curves of the probe are shown in Fig. 3.
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Figure 3. Plasma density (a), temperature of electrons (b), and
plasma potential (c) as functions of the working gas pressure.

Discharge current — 75mA.

With increase in the discharge current the floating poten-

tial and the plasma potential decrease linearly (Fig. 4, a).
This is probably connected to the presence of a non-

conductive boron film on the magnetron discharge anode

and walls of the vacuum chamber, which formation results
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Figure 4. Floating potential and plasma potential (a) and

temperatures of two groups of electrons (b) as functions of the

magnetron discharge current. Argon pressure — 0.68 Pa.

in an additional resistance in the discharge circuit. Depen-

dencies of Fig. 4, a are measured after 5 h of the total time

of the coating application process. It was noted that due

to the growth of thickness of the non-conductive boron

film these potentials decrease over time, which means that

electrical resistance of the coating increases. In the process

of measurement of current-voltage curves of the probe,

these changes in potentials were compensated by change

in the reference voltage of the source B2 (Fig. 1, b), and

thus current-voltage curves of the probe can be measured

in situ throughout the entire process of the boron coating

application.

With increase in the discharge current the temperature

of hot electrons decreases and the temperature of cold

electrons increases in contrast (Fig. 4, b). This is probably

a result of electrons scattering in the process of their

interaction with oscillations of the plasma electric field,

because drift electron velocity of the magnetron discharge

is an order of magnitude higher than the thermal velocity

of ions. As the plasma concentration increases, these

oscillations are attenuated faster, hence the kinetic energy

exchange between two groups of electrons becomes more

intensive, which leads to their temperatures equalization.

Conclusion

This work presents the results of probe measurements of

parameters of the plasma formed by a magnetron discharge

with a plane thermally insulated target made of pure

boron. The probe measurements of such discharge plasma

applied to form boron coatings on surfaces feature the

depositing of non-conductive boron film on the collecting

surface of the probe that makes impossible measurement

of current-voltage curve of the probe with high reliability

and accuracy. In this work we have proposed the use

of the probe with heated collecting surface. Heating of

the surface makes to decrease the resistance of boron

coating with a negative temperature resistance coefficient,

and this allows probe measurement of such discharge. As a

result of analysis of current-voltage curves of the probe,

the presence of two groups of electrons with different

temperatures was identified in the plasma of the discharge

column. The experimental data was obtained regarding the

plasma characteristics: plasma density, electron temperature

of two groups of electrons, floating potential and plasma

potential in the range of discharge currents of a planar

magnetron with boron target from 25 to 90mA and argon

pressures in the vacuum chamber from 0.5 to 1 Pa. All this

allowed in situ monitoring of parameters of the magnetron

discharge plasma when it is used to apply boron coatings

onto surfaces.
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