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SPECTROSCOPY
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The axial distribution of excited argon and tungsten atoms in plasma of direct current magnetron discharge in
crossed fields have been analyzed by optical emission spectroscopy. The influence of discharge parameters (dis-
charge current lg, buffer gas pressure par and zone of discharge glow Al) and excited states energy E* of studied
particles on the axial distribution Ar and W atoms have been observed. The assumption about the excitation pro-

cesses in the magnetron plasma is given.

PACS: 32.30.—1, 34.35.+a, 34.50.—s, 34.50.Dy, 34.80.Dp, 52.70.Kz, 52.80.Vp

INTRODUCTION

The magnetron sputtering devices (MSD) are widely
used in the microelectronics industry for plasma etching
and deposition of thin film with unique physical and
chemical characteristics [1-3]. Due to the importance to
create high quality of thin films it is necessary to carry
out systematic experimental investigations of the fun-
damental plasma parameters for the kinetics of the par-
ticles formation understand [4]. The most common
plasma parameters diagnostic methods are Langmuir
probe [5] and Optical Emission Spectroscopy (OES) [6,
7]. The use of the Langmuir probe method is complicat-
ed due to a possible plasma perturbation. OES is non-
invasive. In addition, the experimental set-up is very
simple: only diagnostic ports are necessary which pro-
vide a line-of-sight through the plasma. Although the
optical emission spectra of plasma can be easily ob-
tained, interpretation can be complex as should be done
careful analysis of kinetic processes that contribute to
populating and depopulating excited states of the spe-
cies in the plasma. The optical emission spectra of
plasma provide the information on the chemical compo-
sition of plasma particles and the population of its excit-
ed states by electron impact processes. The spatial dis-
tribution of the excited particles can provide infor-
mation about the kinetics of particle formation to deter-
mine such fundamental plasma parameters as the elec-
tron density and the electron temperature. The optical
radiation from plasma usually is studied using OES
measurements performed through a window with an
optical fiber. For spatial measurements an optical fiber
is pointed to the plasma bulk perpendicularly to the
window [2, 8] and is moved along the discharge axis as
well as MSD is moved along the discharge axis [9].

In the present study the emission spectra of glow of
planar magnetron discharge in crossed field in the visi-
ble spectral range have been obtained. The analysis of
plasma optical radiation was carried out using software
developed by our research group. The influence of the
main discharge parameters (gas density, discharge cur-
rent and the glow plasma domain) and the energy of the
excited state of particles on the axial distribution the

spectral line intensity have been studied. A discussion
on the main Kkinetic processes by electron excitation in
the magnetized plasma is given.

EXPERIMENTAL SET-UP

The experimental set-up consists of a MSD with op-
tical arrangement for OES measurements (Fig.1). A
detailed description of the MSD is given in [10]. Typi-
cal experimental conditions of magnetron discharge
(MD) for a tungsten target are as follows: buffer gas
(Ar) pressure pa-=8..15Pa, discharge voltage
V, =350V, discharge currents lq=10...160 mA, mag-
netic induction B = 0.05 T. The choice of cathode mate-
rial is due to the fact that tungsten has a low sputtering
coefficient, a high melting point and rich atomic spec-
trum in visible spectral region.
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Fig. 1. Experimental set-up

The MD region can be conventionally divided into
three main parts [4, 11]: the cathode sheath, the dense
plasma magnetized region (bright glow space, ~ 10 mm)
and then the space down to the anode that the MSD
camera serves. The optical radiation from the bright
glow region exit through the diagnostic window (DW)
of the MSD camera, and then is focused using an
achromatic lens (L) on the entrance slit of the ISP-51
spectrometer, in which the radiation is dispersed using
three-prism system. After dispersion, the spectrum in
the wavelength range of 390...650 nm is focused on the
focal plane of the spectrometer output collimator. Inset
A in Fig.1 shows the MD glow and the direction | of
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extent of the discharge glow parallel to the discharge
axis lp. With working geometry the optical radiation of
the MD glow extent A/ distributed along of the spectrum
lines high (Ah) with decrease 0.25 (Ah=0.25A/). That
image of spectrum was photographed using a Canon
EOS 80D digital camera with a matrix size of
7000/5000 pixels. The photons of MD radiation incident
on the sensor of the charge-coupled device (CCD) and
converted into the electronic signal. After digitization
the output signal (D) transferred to a computer for dis-
play image and storage.

To display the measured emission spectra and de-
termine the qualitative and quantitative characteristics
of MD plasma, a multifunctional interactive GUI appli-
cation OSA (Optical Spectrum Analyzed) is used [12,
13]. The OSA application was created in the Python
programming language, using the TKkinter graphics li-
brary, and uses a set of additional modules: PIL, SciPY,
NumPy, and Matplotlib. Mathematical algorithms and
procedures have been developed that allow to pro-
cessing the numerical matrix corresponding to the se-
lected digital image and visualize the results. For con-
version the digitization signal (D) into photonic signal
(1) the response function (RF) was obtained with using
nine-stage attenuator.

EXPERIMENTAL RESULTS AND
DISCUSSION

The spectra of the MD radiation were recorded in a
wide wavelength range of 400...650 nm and cover all
experimental conditions explored in the study (par =8,
11, and 15 Pa; 14 =10, 20, 30, 40, 50, 60, 70, 100, 120,
140 and 160 mA). Spectra in the wavelength
400...650 nm mainly composed of tungsten atom lines
that belong to the transition from states with electron
configuration 5d*6s6p to grand state with electron con-
figuration 5d*6s%. The spectra also contained weak lines
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The general behavior is as follows: as h increases the
I rises sharply to a peak and then slowly falls. However,
the shape of 1(h) is determined by the discharge parame-
ters (Id, pAr) as well as excitation energy (E*) of the
emitting particle. The intensity of line is directly propor-
tional to the number of excited particles emitting this
line therefore I(h) displays the distribution of excited
particles along the discharge glow extent (Al). For the
M 468.1 nmW I, 518.8 nm Ar | lines emitted by the
atoms excited in states with high excitation energy E*
I(h), a pronounced peak is determined, and then a sharp
decrease. That means, that the highly excited particles
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of argon atoms (the transition from the states with elec-
tron configuration 3s?3p°5p and 3s?3p°5d to states with
electron configuration 3s?3p°4s and 3s°3p°4p) and weak
lines from singly ionized Ar™ ions. As was pointed out
in [14] the pronounced argon lines are observed in the
red region (690...900 nm). The emission spectrum of the
MD glow in the wavelength range of 400.0...650 nm is
given in Fig.2. Discharge external parameters:
lg=70 mA, Uy =350V, pa = 10 Pa. In the emission
spectrum are predominantly present W I lines and a
series of Ar I and Ar Il lines. There is a significant dif-
ference in the intensity (the digitization signal D) distri-
bution of spectral lines emitted by excited W and Ar
particles along their height (h).

The spectral line intensity (1) depends on the popula-
tion density of the excited level (n*) as:

I = n*-A- (h-c/h), (1)
where A is the Einstein transition probability, h — Planck
constant, ¢ — speed of light and A — wavelength of line.
Therefore a change in the line intensity (I) along its
height (h) reflects change in the population density of
excited particles (n*) along direction (). In order to
study the spatial distribution of excited particles along
the discharge axis, some lines were selected, the param-
eters of which are given in the Table. The choice of
lines was determined by the following: the excitation
energies of the observed tungsten lines are in the range
from 2.48 to 3.24 eV, therefore three lines with the
lowest, highest, and intermediate excitation energy were
chosen for analysis. Since the Ar lines observed in the
spectrum has the excitation energy of ~ 15 eV, for the
study the line with high intensity was chosen for the
study.

Measurements of 1(h) of the selected lines were per-
formed for various parameters (par, lg) of the MD. The
results are shown in Figs. 3, 4.
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Fig. 2. The emission spectrum of the magnetron discharge glow

are formed in the nearest to cathode part of glow. At the
same time, for the AL 543.5nm, 5225 nmW I lines
emitted by the atoms excited in the states with low exci-
tation energy E* 1(h) changes insignificantly. Therefore,
particles excited to levels with low E* are formed in the
entire registration region of glow with almost identical
probabilities. Such a difference in I(h) for the lines with
E*<3 eV and E*>3 eV is probably due to the presence
of two group of electrons in MD plasma [17]. i) The
energetic electrons which results from the injection of
electrons accelerated in the cathode sheath with subse-
quent energy degradation in the glow. These energetic
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electrons can allow the direct formation of excited at-
oms in states with high excitation energy. ii) The ther-
mal electrons which are located in the magnetized zone

of the discharge. These electrons are formed atoms in

the states with low excitation energy.

The parameters of the spectral lines studied in the work

Excitation Spectral transition [16]
Wavelength, nm .
Yo 3 [16 Interpretation energy Upper state Lower state
eXP> air [ ] E* V 15 - - - -
, eV [15] Configuration State Configuration State
543.5 / 543.5032 W I 2.48 5d’6s(°D)6p  'F;° 5d%6s” °D;,
522.5/522.4675 W I 2.97 5d°6s(°D)6p D’ 5d%6s” °Dj
468.1 / 468.0509 W I 3.24 5d°6s(°D)6p D 5d%6s” °Dj
518.8/518.7746 Ar | 15.30 3s73p°(°P° 1,,)5d  [1 14]% 35723p°(°P%)4p [ %]
866 543.5nm 522.5 nm In order to study the influence of the discharge parame-
" ters (discharge current, zone of the extent of MD glow
o 1 and gas pressure) on the excited particles formation, the
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Fig. 3. Variation of intensity (1) of denoted lines on it
height (h). | — par =15 Pa, Il — par =8 Pa;
lg=60mA4 (m), 70 mA4 (e), 100 mA4 (A), 120 mA4 (V),
140 m4 (»), 160 mA4 ()
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Fig. 4. Variation of intensity (I) of denoted lines on it
height (h). | — par =15 Pa, I — par =8 Pa;
lg=60 m4 (m), 70 m4 (e), 100 m4 (A), 120 m4 (V),
140 m4 (»), 160 m4 («)
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intensities of the selected lines (1,) against the discharge
current (lg) at the Ar pressures par=11Pa and two
zones of discharge present in Fig. 5. Logarithmic scale
have been chosen to interpret the results as I, = k-1,

At the bright glow region of MD (see max I(h),
Figs. 3, 4) the alike behavior of the intensity of all the
denoted lines on the discharge current was observed: as
l4 increases the 1, rises too up to saturation at high cur-
rents. The saturation at low currents was observed too,
but it was conditioned by the background noise of the
digital signal at weak lines intensity. The insignificant
increase in the line intensity with pa, =15 Pa was ob-
served. Although the intensity of selected lines behaves
like I, = k14", the slopes in log-log plot are very differ-
ent: 0=1.4 for A543.5 nmW I, a=1.6 for A522.5 nm W |
and a~1 for lines A486.1 nm W I and A518.8 nm Ar |.

As it was pointed out earlier (1), the line intensity
correlates with the population of the excited level of
studying transition. From the experimental data it fol-
lows that the excited states population of plasma species
strongly depends on the discharge current and different
processes are determine the population of studied levels.
The excitation energy of the tungsten atoms studied in
the work is in the range 2.5...3.5 eV. The argon atoms
excitation energy of all excited states is above 11 eV
[18]. So the direct electron impact excitation processes
are the most important ones for W. Therefore, the direct
electron impact excitation processes are more signifi-
cant for W than for Ar.

A simple approach to the population density in elec-
tron-atom collisions is presented by the corona model
[6], where it is assumed that the upward transition oc-
curs only due to electron collisions, while the downward
transitions only due to radiative decay. In the simplest
case, the population of an excited state (n;) is balanced
by electron impact excitation from the ground state (no)
and decays by spontaneous emission (optically allowed
transitions to lower level (k)):

NoneXoi~ = Ni-ZAik, 2
where Xy is excitation rate coefficient which can be
obtained from the convolution of the cross section with
the corresponding energy distribution function (EEDF)
of the impact particle; n. is the electron density. As
following from (1) the spectral line intensity (l;) can be
written as:

exc
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lik = (A ZAi) none Xoi " (3)

In MD the density of sputtered metal atoms is pro-

portional to the discharge current and the Ar'-W sput-

tering coefficient (Y); the electron density is proportion-

al to the discharge current and the W coefficient of ion-
electron emission (y). So (3) can be written as:

li = Ki(14)’, (4)
where Kj = Yy-(Ai/2A4;). Therefore, it can be concluded
that the increasing part of 1(lg)* of lines W I in Fig. 5
reflects the change in the population of particles excited
in identified state on lg. As it is seen a is not exactly
equal to 2 as Xq™° is depends on such plasma parame-
ters as ne, Ny etc. [6].
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Fig. 5. Variation of the Ar I and W I lines intensity (1)

on discharge current (1g) in Ig-Ig plot. m — the peak of

I(h); o —at h =1.5 mm from the peak I(h); par = 11 Pa.
The dotted line denotes | ~ 142

So only two processes are important: the electron-
impact excitation process from the ground state W at-
oms and spontaneous radiation from the excited atoms.
Thus the population of W atoms in excited states can be
described by corona model which is valid for excited
plasma species in low-temperature plasma with low
pressure (<10 Pa) [7]. A more general approach to
population is to set up rate equations for each state of
the particles together with the coupling to other parti-
cles. Such model, which balances the collisional and
radiative processes, is called the collisional radiative
model (CRM) [6]. So, the saturation I, depending on Iy
at high Iy (Fig.5, W) can be associated with non-
radiative electron or tungsten atom impacts with excited
tungsten atoms when the nq of tungsten atoms rises with
growth of I.

Dependence the Ar | line intensity on discharge cur-
rent as |, = k-14" cannot be described by corona model
because in Ar plasma at par = 10 Pa the tail (E>10 eV)
of the low-energy part of the EEDF is decreased as
compared with Maxwellian distribution [19]. The for-
mation of Ar atoms in the 5d state with the excitation
energy of 15.34 eV [18] in the direct electron-Ar atom
in ground state impact is unlikely. But the Ar atom has
two metastable states with the excitation energies
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11.548 and 11.723 eV [18], therefore, it is most likely
that the excited in 5d state Ar atom is formed in two-
step processes: e+Ar(0)—Ar(m) (1); et+Ar (m)—Ar (5d)
(2). In zone of the extent of MD glow at h=1.5 mm
(see I(h), Figs. 3, 4) the dependence of the intensity of
all the denoted lines on the discharge current signifi-
cantly changes, as a result of change in density distribu-
tion of electrons in that zone [20] which affects the
behavior of I,(1g).

CONCLUSIONS

In the work represented the experimental set-up is
made of MSD with an optical arrangement for OES
measurements. The significant feature of the optical
arrangement is the relationship between the change in
the spectral line intensity along its height and the
change in the excited particles population in the glow
part of MD along the axial direction. The optical radia-
tion from the bright glow region was analyzed by a
multifunctional interactive GUI application Optical
Spectrum Analyzed at different discharge parameters.
From the obtained data it follows that the spatial distri-
bution of excited particles varies along the axis and
strongly depends on the MD parameters and the type of
discharge species. A change in the line intensities in
correlation with the discharge current indicates that
particles of the cathode material (W) and the buffer gas
(Ar) get excited in different collision processes. Excita-
tion of W atoms occurs in the direct electron-impact
process and can be described by corona model. An ex-
cited Ar atom in 5d state with a high excitation energy
due to the presence of two metastable states is formed in
two-step processes within the collisional radiative model.
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HCCJIEJOBAHUE PA3PSJIA HU3KOI'O JABJIEHUSI METOJIOM OIITUYECKOM
IMUCCUOHHON COHEKTPOCKOIIUU

U.A. Ajpanacwvesa, C.H. Apanacwves, B.B. bookos, B.B. I puyvina, H.C. Maxomka, H.U. Oxcenwok,
J.U. Illeeuenko, A.A. CKpunnuk

MeTooM ONTHYECKOW 3MHUCCHOHHOHN CHEKTPOCKOIUH MPOAHATH3UPOBAHO aKCHAIBHOE paclpeiesieHHe Bo30y k-
JICHHBIX aTOMOB aproHa ¥ BoJib(hpama B IUia3Me MOCTOSHHOI'O MarHETPOHHOT'O pa3psaa B cKpelieHHbIx EXH-momsix.
OO6HapyXeHO BIHMsHHE TapaMeTpoB paspsaa (Tok paspsaa ly, naBnenue O0ypepHOro raza Par U 00JIACTH CBEUCHUS
paspsga Al) u sHepruu BO30YKIEHHBIX COCTOSHMN E* MCCaeqyeMpIX 4acTHI] Ha pacnpejeieHue aroMoB Ar u W
BJI0JIb OcH pa3psna. CraenaHo MpearnookKeHne o mpoleccax Bo30yKIeHNs B MarHETPOHHOH I1a3Me.

NOCJLIKEHHS PO3PSITY HU3bKOI'O TUCKY METOAOM ONTUYHOI EMICIMHO{
CHEKTPOCKOIIIi

LO. Agpanacvesa, C.M. Agpanacwes, B.B. booxos, B.B. I puyuna, I.C. Maxomka, I.1. Oxcenwk, /1.1. Illesuenko,
A.0. Ckpunnuk

MeTo10M ONTHYHOI eMICIHOT CLIEKTPOCKOIIIT POaHaTi30BaHO aKCiaJbHHUN PO3MOALT 30YKEHUX aTOMIB aproHy
i Bomb(pamy B IUIa3Mi TOCTIHHOrO MAarHETPOHHOTO po3psay B cxpemieHux ExH-nomsx. BusiBneHo Brums
napaMeTpiB po3psay (ctpym pospsmy lg, THCK OydepHOro rasy par i 0o6macte cBiTiHHsA pospsgy Al) ta emeprii
30y/DKeHUX CTaHiB E* mocnimKyBaHMX YacTHHOK Ha po3mofin atoMiB Ar i W y370BX oci po3psmy. 3pobieHo
MPUIYIICHHS PO MpoIiecH 30yKEHHs B MAarHETPOHHIHN TTa3Mi.
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