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C uCronb30BaHWEM METOAMKH Ja3epHOM CIIEKTPOCKONMHU HCCIEIOBAaHBI CBOMCTBA
Ja3epHOIl IUIa3Mbl IIPU HOPMAIBHOM aTMOC(EPHOM JAaBiIE€HHH, (HOpMUpYOIIEcs Ha
MOBEPXHOCTH KpeMHUs oA AeicTBueM nazepHoro myuka Nd:YAG ¢ AnuHOW BOJIHEI
1064 HM 1 anuTenpHOCTBIO UMITyJibca 10 He. PaccMoTpeHs! criekTpaiibHble npoduim 1
MEXaHHM3Mbl DPACIIUPEHMs] CIEKTpa JIa3epHOM IU1a3Mbl, COPMHPOBAHHOW Ha
MIOBEPXHOCTU KpeMHHs. IIIOTHOCTh 3JIEKTPOHOB B IUIa3M€ Ha OMpPEENIIN METOAOM
Iltapka ans paclMpeHHs CHEKTpPalbHBIX JIMHUI Na3epHON miasMmbl. Temmepatypy
JJIEKTPOHOB PACCUUTHIBAIU B 3aBUCHMOCTU OT IUIOTHOCTU MOILHOCTH JIA3€PHOTO
U3Iy4eHUST U COOTHOIIEHHMS MHTEHCUBHOCTEH JBYX CIEKTPaJIbHBIX JIMHUM,
00pa30BaHHBIX OJHUM M TEM K€ MOHHBIM IIEPEXOJIOM, & TAKXKE C HCIOIb30BAaHUEM

ypaBHeHus bonpmana.

Kirouesble cioBa: LIBS, cnekrpockonus, nasepHas IU1a3Ma, 3JeKTPOHHAs IUIOTHOCTh, METOJ

pacumpenus Ilrapka, npoduns nuauu ["aycca, npoduns muanu Jlopenna.

We study the properties of laser plasma at normal atmospheric pressure, which is in-
duced on the surface of silicon under the action of an Nd:YAG laser beam with a wa-
velength of 1064 nm and a pulse duration of 10 ns using the method of laser spectros-
copy. The spectral profiles and mechanisms of the spectrum expansion of laser plasma
induced on the surface of the silicon substrate are considered. The different fitting
functions were used for the analysis of plasma parameters of the Si target. The Gaus-
sian fitting function of the spectral lines was more suitable for accurate calculations of
the electron density by the Stark expansion method. The electron temperature was cal-
culated depending on the power density of the laser light and the ratio of the intensity
of two spectral lines formed by the same ionic transition, as well as using the

Boltzmann equation.

Keywords: LIBS, spectroscopy, laser plasma, electron density, Stark expansion method, Gaus-

sian line profile, Lorentzian line profile.

L. Introduction (like metals, polymers, semiconductors etc.) by their

Laser-induced breakdown spectroscopy (LIBS)
remains to be one of the main methods due to its sim-
plicity and express analysis of the plasma parameters.
This technique allows the qualitatively and quantita-
tively composition analysis of unknown elements

plasma emission excited in the field of ultrashort la-
ser pulses [1-2]. Usually, the process analyzing the
composition of elements consists of three steps. First,
the plasma emission should be induced on the materi-
al's surface using ultrashort laser pulses, the second
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step is recording plasma spectrum in the spectropho-
tometer, and the last step is analyzing the collected
plasma spectrum using certain mathematical proce-
dures. In this work, we studied laser-induced plasma
(LIP) parameters of the silicon target in normal con-
ditions. Nowadays, the silicon element is one of the
semiconductor and unique materials, and it forms a
major part of high-tech electronic, photocell and dis-
play devices. There is a great need to recycle and re-
store this element [3]. However, the above mentioned
application requires a high-quality and low-impurity
Si wafer. The composition analysis based on the
LIBS technique can provide an express analysis of
the composition of the silicon substrates.

II. Materials and methods

The study of the parameters of the plasma-
induced on the surface of silicon target by the LIBS
method is described. The LIP on the surface of the Si
target was excited with an Nd:YAG laser at the wave-
length of 1064 nm and a pulse duration of 10 ns un-
der normal conditions. The fibre spectrophotometer
(HR4000, Ocean Optics) was used as a detector of
the plasma emission (Fig. 1). The spectrophotometer
is a high-precision optical fibre spectrometer that
provides optical accuracy up to 0.025 nm full width
of the half maximum (FWHM) and allows to analyze
plasma spectra in the wavelength range of 200 nm to
1100 nm.
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Figure 1. Optical scheme of the experimental setup on
LIBS.

The plasma excited on the surface of the Si tar-
get consists of spectral lines of a transition of neutral
atoms (I) and single-charged ions (II) (Fig. 2).

LIP on the surface of Si, excluding the effect of
expansion mechanisms, the transition of an electron
from a high energy level to a low energy level in sta-
tionary atom results in its thin line spectral intensity
due to natural expansion. However, when working
with plasma, the expansion mechanisms help form a
spectral line with a larger width. Natural expansion
occurs due to the Heisenberg uncertainty principle
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Figure 2. Plasma emission spectrum induced on the sili-
con surface by 1064 nm laser pulse.

which is significant in plasma spectroscopy [4, 5] be-
cause spectral lines expand only naturally. The Dopp-
ler effect is one of the main plasma expansion me-
chanisms [6-9]. The Doppler width depends on the
system's temperature and the element's atomic mass
[5, 6].

T 1/2
AxD=(7.2x10—7)(ﬁ] o » (1)

where M is the atomic mass of the element and A, is
the central wavelength of the spectral line.

Collision or pressure expansion is another major
mechanism of line expansion in plasma, which occurs
when atoms or radiating ions collide with neutral or
charged particles [5, 7]. The colliding of the excited
ions with different neutral atoms leads to the Van der
Vaals expansion of the spectral line of the LIP. The
collision between the excited atom and the same neu-
tral atom in the ground state leads to resonance ex-
pansion [5, 7, 8]. Van der Vaals' expansion results
from the dipole interaction between the excited atom,
the induced dipole, and the other neutral atom in the
ground state [10, 11]. The resonance expansion oc-
curs between the same neutral atoms with high and
low energy levels that transition the electric dipole to
the ground state [11, 12]. This effect contributes not
only to the expansion of the spectrum but also to the
shift of the emitted wavelength [6, 7, 13]. Stark ex-
pansion occurs when charged particles collide with
ions or electrons [6, 13]. The electric field of an ion
or electron also causes the atom's energy levels to
split into lower levels, which contributes to their
emission. The variation of the spectral lines occurs
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due to the transition of excited electrons between the
lower excited and ground state level [6, 13].

The spectral line can widen due to the instru-
mental perturbations rather than combining Doppler
and collision or pressure expansion [8], and this may
be possible when using a low-precision spectrometer
for spectral analysis. However, a high-precision spec-
trometer does not entirely eliminate the broadening of
the spectral line. Instrumental resolution may be as
high as possible, but plasma expansion is still a sig-
nificant contributor to the spectral lines. Here the
magnitudes of Natural, Doppler, Stark, Resonance,
Van der Waals and Instrumental expansion are shown
in Table 1 [14].

Table 1. The magnitudes of the expansion mechanisms in
the laser-indused plasma.

Expansion mechanisms Size (nm)
Natural 107
Doppler 107
Stark 1072-10
Resonance 107
Van der Vals 107
Instrumental 107'-107

Usually, Doppler expansion leads to the Gaus-
sian line profile, and collision expansion gives the
Lorentz profile [6, 15]. A compromise must be made
between the Lorentz and Gauss profiles because the
spectral line obtained from LIBS plasma includes the
line width developed from Doppler and collision
magnification. Combining the two profiles gives
the Voigt profile, but it is not easy to apply in the
analysis [15]. While computer programs can still
perform Voigt fitting, the computation time is much
longer, especially if the spectral lines are asymmetric.

We compared three fitting models, Gaussian,
Lorentzian and Voigt (Fig. 3). In the case of Gaussian
fitting was better due to the determination coefficient
(R?) being closer to one, the corresponding function
represents the data set well. In this case, the Gaussian
fitting has a detection coefficient close to 1 compared
to Lorentzian and Voigt.

III. Determination of electron density
The wavelengths for silicon ions corresponding
to the plasma spectra and the widths of these transi-
tion lines were determined, which made it possible to
determine the concentrations of free electrons in the
plasma using the Stark expansion method.
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Figure 3. Spectral line of the neutral atoms of Si (I) in the
plasma: Gaussian (a), Lorentzian (b), Voigt (c) fits.

The Stark effect is the displacement and division of
the spectral lines of atoms and molecules due to the
presence of this external field. The Stark effect can
also be observed for emission and absorption lines.
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The abrupt expansion of the spectrum results from
the collision of charged particles by lines in the plas-
ma spectrum. As shown by the difference between
the electron density and the FWHM, the Stark ex-

tended line is as follows:
n@
)W(Kﬂ‘z‘

2

where Np is the number of particles in the Debye
sphere, 4 is the interaction parameter of ions, and W
is the electron interaction parameter. First and second
terms on the right side of the equation express expan-
sions due to the interaction of electrons and ions. For
non-hydrogen ions, Stark expansion is dominated by
electron interaction and thus ion interaction, and the
coefficient of ion interaction is negligible [16]. The
resulting Stark expansion is as follows.

jA.

AM,,,= FWHM is the full width of the half maxi-

mum for the corresponding spectral line, n, — electron
density.

The electron densities were determined using the
Stark expansion method on a scale corresponding to
the wavelength values of the spectrum formed by the
neutral atoms and charged ion transitions of the Si
element (I) and (II) (Table 2). In this case, half of the
spectral band width (FWHM) was determined by
Gauss fitting with a high detection coefficient R* for
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the silicon spectrum line (Fig. 3). Here, ionic transi-
tions with very close scales were separated and calcu-
lated separately.

The numerical value of electron interaction pa-
rameter W was taken from tabled data [17]. The Mc
Whirter criterion gives the lower limit of the electron
density to check the condition for the validity of the
local thermodynamic equilibrium (LTE) [18]:

n, > 1.6x10°7"2 (AE)’ 4)

where T (in K) is the plasma temperature and £ (in
eV) is the energy difference between the states, which
are expected to be in LTE. The electron density from
the Eq. 3 was equal to be 7, ~ 10" cm™ at the 0.8 eV
of the LIP. The electron densities determined in our
experiments are higher than this required number
density to satisfy the LTE conditions.

Table 2. The parameters of the Si plasma undused by the
laser ablation.

Element |  Si() | Si (1)
A (nm) 251.61 288.15
FWHM (nm) 2.33 0.85
W (A) 0.70 0.54
n (10" cm™ 1.66 0.78
Element | Sian | siap | siqp
A (nm) 4128  505.59 634.71
FWHM (nm) 1.9 3.51 1.28
W (A) 1.29 1.8 12
n (107 cm™ 0.73 0.97 0.54
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Figure 4 (a,b). Intensity dependence of the spectral line of the plasma emission on the Si target surface: (a) Si (I) A =

251.61 nm; (b) Si (I)A= 288.15 nm.
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Figure 4 (c,d,e). Intensity dependence of the spectral line of the plasma emission on Si target surface: (c¢) Si (II) A =
412.8 nm; (d) Si (I) A = 505.59 nm; (e) Alignment of the spectra on the scales Si (II) A= 634.71 nm with the Gaussian

impulse.

IV. Determination of electron temperature

In the first approach, the temperature of the Si
plasma is determined by the laser power density [19,
23]. The expression for determining the temperature

is as follows:
7 2/3
Z+1)

where ¢ is the power density of the focused laser rad-
iation, A4 is the atomic mass, and Z is the number of
multicharged ions in the plasma. The power density
of the Nd:YAG laser selected in the experiment is
10" W/cm®. The atomic mass of Si is 28.08 g/mol
and Z is equal to (I) and (II).The given values were
set to (5) and the plasma temperature was determined
Z=1,T=1.89 eV and Z=2, T=2.3 eV.

T = g9 429

V4

)

Second, the plasma temperature is determined
using the well-known Boltzmann plot method via the
relative line intensities of the emission spectrum of
the laser-induced Si plasma plume. Considering the
plasma in the local thermodynamic equilibrium
(LTE), the populations of different excited levels at a
specific temperature obey the Boltzmann distribution

law [13, 20]
exp| - i
P kT, )’

where g; is the statistical weight of the upper level, N,
(cm™) is the total number density, U(T) is the parti-
tion function, E; (J) is the energy of the excited level,
k (J/K) is the Boltzmann constant and T7.(K) is
the excitation temperature. The line intensity of a

Ny
U(T

Ny =g (6)
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transition from an upper level to a lower level is
expressed as:

he N, E;
Iy Ay N; = — Ay g ——exp| ——— |, (7
ik ikt Vi ik 8i U(T) p( kTej ( )

ik
where the subscripts i and & represent the upper and
lower atomic levels, A; (nm) is the wavelength of the
spectral line, Ay (s™') is the transition probability for
the spontaneous emission.

Considering plasma as an optically thin, where
the matter is not in thermodynamical equilibrium
with the radiation, because collisions between parti-
cles and photons are very rare, the simplest method
for the intensity ratio of the two emission lines is
used and excitation temperature is reformulated:

(E, - E)

T, - . @®)
kln[hwzng
Iy 4 g

Taking the two lead lines at 251.61 nm (g,=5,
A= 1.68x10* s™") and 288.15 nm (g,=3, 4,=2.17x10*
s™"), and substituting the observed line intensities and
the other constants in this equation we calculated the
excitation temperature as 6.01 eV.

A more accurate value of the excitation tempera-
ture can be calculated using the Boltzmann plot me-
thod in which several spectral lines and their relative
line intensities are considered [20]:

tn| Lt | Loy No )
hedi g; kT, u(r)

A plot of the left side of this equation versus the
energies of the upper levels yields a straight line with
a slope of 1/kT,. In Table 3, the transition wave-

©)

lengths (nm), upper level energies, statistical weights
(g) and transition probabilities (s™') of the six lines
used to construct the Boltzmann plot are listed.

Table 3. The parameters of the Si-neutral atoms, and ions
induced by laser ablation.

Atom/ Wave- | Upper level Stati§tica1 Transi.t%qn
ion length, energ}f,l weight probabglhtlis
Mii» (nm) | Ej, (sm) 8k A;>10°, (s7)
Si(I) 251.61 39955.053 5 1.68
Si(I) 288.15 40991.884 3 2.17
Si()  390.55 40991.884 3 0.133
Si(Il) 412.57 103556.16 6 1.49
Si(Il)  505.59 101024.35 6 1.45
Si(Il) 63437 81251.32 2 0.68
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The Boltzmann plot is shown in Fig. 5. The
plot's linearity is evident, reflecting that the plasma
may be considered optically thin.
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Figure 5. Boltzmann plot based on three Si II spectral lines.

It was found that the value of Si (II) forsingle-
chargedion transitions is 7=0.8 eV, where the graph's
slope indicates the plasma temperature.

The plasma frequency is given by [21, 23]:

v, = 8.9x10° n,'"?

where 7, is the electron density. For our case, the
plasma frequency is estimated as 3.44x10'? Hz, less
than the laser frequency. Hence, energy loss due to
laser reflection from the plasma is insignificant.

The comparative results of the optical study of de-
pendence of Si plasma temperature on the distance
from the sample surface demonstrated the variation of
the electron temperature in the range from 7500 to
4000 K. The electron density which changes from
3.2x10" to 1.8x10" cm ™ seems to be in local ther-
modynamic equilibrium (LTE) condition [22]. In
particular, the electron temperature in the distance
0.05 mm and 2 mm from the target surface was esti-
mated as 13980 K, and 12110 K, respectively.

V. Conclusions

We studied the laser-induced plasma on the Si sur-
face by using 10 ns pulse duration and wavelength of
1064 nm laser pulses. The parameters of the laser-
induced plasma plumes were estimated. The electron
concentration and plasma temperatures were esti-
mated and their values were equal to n, ~10'" cm™
and 7, =0.8 eV. The calculation of the plasma para-
meters was based on the Stark expansion method.
Using obtained results for Si, it is possible to conduct
qualitative and quantitative analysis of Si-mixed sub-
stances in the solid state.
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KpeMuuii 103acuga xocua OyJaraH njiasMaHu mna-
pamerpyapunu LIBS cnexrpockonusicu épramu-
Aa aHUKJIa1I

M.D. Banaes', 1.1O. [asxeros’, I'.C. Boaraes™

'Vprawa maemar yemeepcutetH, Xamun OmnmkoH KydacH 14,
220100, Ypranu, V36exucron

TONIKEHT MPPHTAIHS Ba KUILIOK Xy KaTHIHHE MeXaHH3aLsIIALT
MyXaHaucuapu — wHCTUTYTH, DyHmameHTanm Ba — aMauui
TagKkukoTiap yHuepcutetd, Kopu Huésumit xyu., 39, 100000,
Tomkenr, Y36ekucTon

*Hou-mmasma Ba Jlazep TEXHOJIOTMsUIapU MHCTUTYTH, JypMOH
iymm kyuacu 33, 100125, Tomkent, Y36eKkucToH

Ymoby nmga HopMan atmochepa 6ocuMuia KpeMHHUN F03a-
cura TynkuH y3yHmurd 1064 HM, UMITyIbC JaBOMUIUTH
10 e Oynran Nd:YAG na3ep HypiaHWIIN TabCHpHUAA
XOCWJI OyJiraH mja3sMma CIEKTPOCKOIMK yCynu EpaaMuia
ypranwnau. KpemHuil cupTuza Xocui KWIMHIAaH Jasep
IUIa3Macu CIEKTPUHU KEHTaWTUPHII MEXaHU3MIIapH Ba
cnektp npodunapu kypud umkwian. Kpemuuil mia3ma-
CHHU acOCHH XYCYCHSTH OYIraH OJIIEKTPOH 3HUYIHIH
[HTapk xeHraium ycynu épaaMuaa aHUKIAHIU. DIEeKTPOH
TEMIIepaTypacH Jia3ep HypH KyBBaT 3UWINTUTa OOFIIHK pa-
BUINA Ba OMp XWJI MOH YTHIIJAH XOCWJI OYJTraH HKKATa
CHEKTpa]l YM3UKHUHI WHTEHCHBIMIM HHcOaTH OwiaH

XamJia Bonsuman TEHIJIaMacuaH ¢oiinananu6
XUCOOJIaHIH.
Kamur cy3nap: LIBS, cnekrpockonus, masep Iula3MacH,

anexTpoH 3uwianrd, Illtapk kenraituimn ycymu, 'aycc mpoduny,
Jlopenn nmpodwm.
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