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To solve the actual problem of the analysis of the sputtered particles radiation during coating deposition in a
magnetron sputtering system, a digital technique was proposed for processing the emission spectra of the discharge
plasma. A graphic OSA application has been created, which allows obtaining qualitative and quantitative
characteristics of the magnetron discharge plasma. The obtained information about the distribution of excited
particles along the direction parallel to the axis of the magnetron discharge permits one to control the mode of the
discharge operation and, as a consequence, the properties of the deposited coatings.

INTRODUCTION

Magnetron sputtering systems are highly efficient
devices for depositing coatings from metals, alloys,
oxides, and nitrides [1].

The technology of deposition of functional coatings
can be significantly improved if, during the process of
film formation on the object surface, it is possible to
control the elemental composition of the particles
deposited on the product that is determined by the
chemical properties of the sputtered cathode and the
atmosphere in the working chamber.

Optical spectrometry is widely used to analyze the
composition of plasma of gas discharge [2, 3]. One of
the methods for radiation detecting, when using optical
spectrometry, is the photographic technique. The
undoubted advantage of this system for registration the
emission of sputtered excited particles is the possibility
to obtain the integral characteristics of the entire
spectrum under study in a wide range of wavelengths
along the height of the radiation. This is important
because the distribution of particles in the plasma
depends on the mode of operation of the discharge and,
finally, determines the quality of the coating and the
efficiency of its application. Monitoring the spectrum
spatial changes during coating deposition allows to
control the mode of operation of the discharge and the
properties of the coating.

A limiting factor for the wide application of a
photographic registration system is the wuse of
photographic plates or photographic films as recording
elements, which require multi-stage specific and time-
consuming processing of photographic material [4],
during which a high experimental error is not excluded.
The transition to film recording of information using
charge coupling devices (CCD sensor) [5] and modern
computer technologies allows us to speed up
significantly the process of obtaining physical
information and analyze the optical emission spectra of
magnetron discharge plasma directly on a computer
without using additional means of processing photo-film
materials.

The purpose of this work is
multifunctional interactive  GUI-application

to create a
OSA
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(Optical ~ Spectrum  Analyzed) to obtain such
characteristics of the plasma emission spectrum of a
magnetron discharge as the wavelength of a recorded
line and the spatial distribution of its intensity.

DIGITAL OPTICAL IMAGE PROCESSING
PROCEDURE

As test images, digitized photographic frame data of
the emission spectra obtained earlier [6] were used in
the study of the MSS using a photo-film measurement
technique. Frames scanning was performed on a special
slide scanner of high resolution photographic films (size
— 5040 = 3360 pixels) with obtaining digital images with
the extension *.jpg. It should be noted that after
digitizing the image is positive, unlike film, where the
image is reversed.

In a computer, a digital image is a visible field that
represents only a certain function of the distribution of
intensity or color on a two-dimensional plane. From a
mathematical point of view, a digital image is a two-
dimensional matrix f [X,y], where x and y are an integer
describing the number of the column or row of the
matrix in which this element is located. Each element of
a digital image (a cell of a rectangular matrix) — a pixel
of the f[x,y] matrix has a scalar integer value
proportional to the value of the intensity distribution
function I [x,y] at a given point of the plane. Therefore,
obtaining experimental data can be obtained only as a
result of applying a number of image processing and
analysis procedures, which we must program ourselves
using ready-made modules that are available in well-
known packages.

The development of the OSA application was carried
out using the Python programming language [7] on the
Tkinter graphics library (toolkit interface) platform
using a stack of additional modules such as PIL,
NumPy, SciPy, and Matplotlib. Python is a high-level
general-purpose programming language. The
advantages of the Python programming language as the
dominant platform in scientific research are the
following: simplicity of syntax, high learning speed due
to simple syntax, high power with simple syntax, a large
number of free modules and libraries, simple installation
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of modules and libraries during development, and the
availability of detailed documentation like on the
language itself, and on the modules. In Fig.1 is a
screenshot of the OSA application.

The OSA application has a scenario cycle of events
polling generated by user actions such as keyboard
input, keystrokes, or pointer movement. For each
potential event, a function is assigned that will be called
when this event occurs. For each function, it is possible
to create a specific graphic component (widget) that can
be placed on the application canvas.
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Fig. 1. The view of the graphic application for
processing the glow spectrum of a discharge plasma

The basic procedures and algorithms embedded in
the OSA application for processing of optical spectra
include:

e access to the numerical matrix of pixels of the
scanned image (*.jpg);

e the transition from the pixel coordinate system
[x, y] of a digital photo to the coordinate system of the
film;

e determination of the wavelength of an arbitrary
spectral line on a digital image using an interpolation
function based on a graduated scale;

e determination of the distribution of the intensity
of the glow of the spectral line along its height by the
method of determining the coordinates of points using a
piecewise-linear approximation and assigning them the
proper intensity;

e output of the spectral line intensity distribution
both in the form of a graph and in the form of a
numerical matrix for further processing. Also, it should
be noted some variation in the definition of archival
data — it is possible to simultaneously process several
lines in the spectrum. This is very informative both in
the preliminary visual analysis and in the further
analysis by other external sources.

OSAAPPLICATION FUNCTIONALITY

Information on the wavelengths of spectral lines
presented in the optical spectrum allows us to determine
the qualitative composition of the plasma of the
magnetron discharge [8]. Therefore, the first step in
processing of a digital image is determining the
wavelength of a particular line and its interpretation that
is determining the presence of particles in a particular
charge and energy state belonging to the corresponding
chemical element. It should be noted that the
interpretation procedure should be performed by the
choice of several lines characteristic for a given spectral
range. As shown in Fig. 1, the first procedure (after
opening the image file being processed) for digital
image processing is the — of the measuring coordinate
system (pixel) to the photographic (experimental) one.
This is done as follows: the wavelengths for two
reference spectral lines in nm are entered into the
corresponding widgets (“reference lines) of the OSA
application, and the image indicates the coordinates of
these lines in pixels, which allows to enter a horizontal
scaling factor.

In our case, the experimental system for obtaining
photographic films of glow is characterized by a
graduated nonlinear scale connecting the values of the
line position on the spectrum with the wavelength of the
line in nm. In the available wavelength range for the
reference lines on the abscissa scale using the cubic
interpolation method, the corresponding values are
found on the ordinate scale in millimeters. Further, for
an arbitrary line on the digital image of the spectrum, it
is possible to determine the corresponding value in mm,
and automatically determine its wavelength in nm using
inverse interpolation.

Fig. 1 shows the result of processing several spectral
lines with different wavelengths, represented by
vertically placed digits below each of the processed
lines in a digital image. To estimate the measurement
error, a multiple measurement of the wavelengths of
several spectral lines was made and the statistical
estimation of the quality of the OSA application work
was done: the error in average is in the range from 0.075
to 0.2 nm, depending on the distance of the measured
line from the first reference line. Each of these lines is
characterized (the graph at the top right) by the intensity
distribution | [x, y]. The distribution of the intensity of
the spectral line along its height allows us to obtain the
distribution of excited particles along a direction
parallel to the axis of the magnetron discharge, since the
intensity is proportional to the number of excited
particles.

When a certain number N is entered into the
“Number of points on a line” widget, a mathematical
procedure is implemented to automatically calculate
points along the selected line while simultaneously
determining the intensity of each point. It should be
noted that due to the peculiarities of the experiment
when using optical lenses, the lines have curvature. This
required the introduction of a piecewise linear
approximation of points into the calculation.
Schematically, the calculation algorithm is presented in
Fig. 2,a.



On the image of the line the first and last points of
the track are manually drawn. This selects the area of
digitization and determines the direction of movement.
A priori, the points studied are between manually set
points. Therefore, the experimental point 1 coincides
with first. Between the points first and last a straight
line is drawn and with a certain step an auxiliary point
2'is automatically drawn on it. A prism spectrometer is
used in the experiment, so that the spectral lines are
always located on the left side of the straight line
connecting the beginning of the line with its end. A
vector is drawn from the auxiliary point 2 towards the
line (in Fig. 2,a, an arrow from right to left) along the
ordinate axis. It is considered that the maximum value
of the intensity among the pixels of this vector
corresponds to the coordinate of the center of the line.
Thus, the experimental point 2 is determined. Between
points 2 and last, a new straight line is drawn and at
some distance the next auxiliary point 3 is plotted. The
vector is drawn again and the coordinate of point 3 is
found for the maximum value of the intensity. And so
on, in the automatic cycle, for the required number of
points N.
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Fig. 2. The algorithm for determining the intensity of the
glow at the points along the line (a); comparison of the
intensity distributions obtained by the digital method
and the method of photographic photometric
measurement (b)

The points obtained in this way (2, 3, 4, etc)
satisfactorily describe the trajectory of the line. The
formed set of points is fitted by a 2nd order polynomial
— the function y = a+b-x+c-x?. For certain coefficients a,
b, and c, the coordinates of the required points N are
calculated. The coordinates of the points and the
intensity at each point are recorded in a separate
external file and reproduced in the image of the OSA
application. The result of the work of such an algorithm
is shown in Fig. 1 by dots.

Points which are on Fig. 1 between the line and the
digital vertical value of the wavelengths are plotted
automatically at the same distance from the first point
and allow you to determine the value of the background
intensity of the image. When determining the
distribution of the intensity of the glow, the correction to
the background value is introduced. Each line has its
own background value.

The program has the ability to simultaneously
determine the characteristics of several lines. This
allows you to compare Vvisually the intensity
distributions along the lines, as shown in Fig. 1 on the
chart. For easy identification and comparison of
information about different lines, the corresponding
values are separated by color.

The obtained characteristics (wavelengths of spectral
lines) allow us to begin the procedure of spectral lines
interpreting. In a separate widget (between the image
and the graph), lines of elements of the periodic system
that are close in wavelengths are offered for selection.
When initiating (marking) a corresponding position or
several positions, a database of spectral lines for the
corresponding element is automatically loaded (separate
spreadsheets [1]). For any spectral line, the row includes
3 elements: directly the wavelength of the line, the
excitation energy and the intensity of this line.

An algorithm has been developed that allows for
each experimentally determined wavelength of a single
line (see wvertically placed figures in Fig.1), to
determine the most likely value from the table of
spectral lines. By a simple comparative enumeration,
the interval of values in the table, in which one of the
experimental values falls, is fixed. Among the two
limiting values, the one with the lower excitation energy
is selected. In case of equality in this parameter, the
third element is used: intensity. The preference is given
to the option with the maximal intensity.

In the case of the competition of several elements of
the periodic system, an algorithm of successive
reduction of information is realized. First, for each
individual element, the optimum alternative is chosen,
and then from the selected options of elements, an
absolutely optimum alternative is chosen.

To check the validity of the created application, a
comparison of the results obtained both by the method
of photographic photometry [4] and using the OSA
application was made. The results of comparison are
presented in Fig. 2,b for one of the arbitrarily selected
spectral lines. The line characterizing the excited argon
ions was processed using a MF-2 microphotometer
(closed points) and the developed OSA application
(open points). As can be seen from the figure, there is a
qualitative agreement of the results. A significant
deviation is observed only in the region of a weak
signal. This is due to the decrease in the sensitivity of
the microphotometer in this area, while the digital
method allows expanding the range of intensity
measurements.

It can be seen that the distribution of excited argon
atoms in the discharge is a complex function of the
distance to the target. In addition, depending on the
operating mode of the magnetron, the relative intensity
of the lines under study varies greatly [6]. This change
may be different for particles excited in states with
different excitation energies. This is most likely due to
the different excitation efficiency of the upper state of
the analyzed transition in the atom by the electrons of
the ionization zone of the discharge plasma. In this
regard, only the use of the photographic method of
recording and further digital processing of the emission
spectra allows one to perform both a methodical



analysis of the magnetron discharge physics and a rapid
analysis of the elemental composition of solids.

CONCLUSION

To solve the actual problem of the analysis of the
sputtered particles radiation of during coating deposition
in a magnetron sputtering system, a digital technique
was proposed for processing the emission spectra of the
discharge plasma. An OSA graphical application has
been created, which allows to obtain qualitative and
quantitative characteristics of magnetron discharge
plasma.

Algorithms,  which  allow  determining the
wavelength of a specific spectral line and the
distribution of radiation intensity along its height, have
been developed. Analysis by wavelength allows
identifying the charge and energy state of the excited
particles that makes it possible with a high probability
to determine the elemental composition of the discharge
plasma. The distribution of the radiation intensity along
the height of the spectral line gives information about
the distribution of excited particles along a direction
parallel to the axis of the magnetron discharge. This
allows to control the mode of operation of the discharge
and, as a consequence, the properties of the applied
coatings.
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OUPPOBASA OBPABOTKA OIITUYECKHUX CITIEKTPOB U3JIYUYEHUS I1IJIAZMbI
MATHETPOHHO-PACIIBLIMTEJIBHOM CUCTEMBI

H.A. Apanacvesa, C.H. Agpanacves, H.A. A3apenxos, B.B. booxos, B.B. I puyvina, FO.E. J/lozaues,
HU.H. Okcenwk, A.A. Ckpunnux, /.U. Illeeuenxo, B.M. Yepnoyc

Jnis pemieHusi akTyaJlbHOM 3ajjaum, CBSI3aHHOW C aHAJIM30M CBEUCHHMS PAcIbUISEMBIX YACTHI[ NPH HAHECCHUH
MOKPBITUH B MarHeTPOHHO-pACIBUINTEIbHOW cHcTeMe, Oblla mpemokeHa IudpoBas Meroanka o0paboTKH
CIIEKTPOB HM3Iy4eHHs Iuiasmbl paspsaa. CosgaHo rpaduueckoe mnpuitokenne OSA, MO3BOIISIONIEE MOTYYUTh
Ka4eCTBEHHbIE U KOJIMYECTBECHHbBIE XapaKTEPUCTUKH IIa3Mbl MArHETPOHHOTO pa3pana. [lonyuenHas nHpopmarus o
pacmipenieieHMH BO30YXIEHHBIX YACTHI[ BIONb HANpaBieHHs, IapaljelbHOTO OCH MAarHeTpOHHOIO pas3psna,
MO3BOJIAET KOHTPOJIMPOBATh PEKUM paboThI pa3psa U, Kak CIe/ICTBHE, CBOHCTBA HAHOCUMBIX MOKPBITHIA.

HUPPOBA OBPOBKA OIITUYUHX CHHEKTPIB BUIIPOMIHIOBAHHS I1JIA3MHA
MATHETPOHHO-PO3IAJIIOBAJIBHOI CUICTEMHA

L.0. Agpanacwvesa, C.M. Apanacwves, M.O. A3apenkos, B.B. bookos, B.B. I puyuna, FO.€. Jlocauos,
L1 Oxceniok, A.O. Ckpunnuk, /I.1. Illesuenxo, B.M. Yopnoyc

Jln1s1 BUpiLIIeHHs! aKTyaJIbHOTO 3aBJaHHSI, MOB'SI3aHOTO 3 AHAJII30M CBITiHHS PO3MMIEHUX YaCTHHOK NP HAHECEHHI
MOKPHUTTIB y MarHeTPOHHO-PO3MIUTIOBAIBHIA cHCTeM], Oya 3arponoHoBaHa Mu(ppoBa METOIMKA OOPOOKH CIIEKTPiB
BUIIPOMIHIOBaHHS IUIa3Mu po3psxy. CtBopeHo rpadiunmii momatok OSA, mo m03BONSE OTpUMATH SIKICHI Ta
KIJIBKICHI XapaKTePUCTUKN IUIa3MH MarHeTPOHHOTO po3psmy. OTpuMaHa iHpOpMaLis Mpo po3moAain 30yIKEeHHX
YaCTWHOK B3JOBX HAINPSIMKY, MApaleIbHOTO OCI MAarHETPOHHOTO PO3PSLy, JO3BOJISIE KOHTPOIIOBATH PEXXUM POOOTH
pO3psIAy 1, IK HACTIIOK, BIACTHBOCTI HAHECEHUX TOKPHUTTIB.
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