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ABSTRACT

There are few reported cases in which the spatial distribution of spectral emission coefficients of plasmas from tomographic optical emission
spectroscopy measurements is analyzed based on a collisional-radiative model to diagnose the spatial distribution electron temperature of T,
and density N.. This study aimed at in situ diagnosis of process plasma. The spectral radiance of 18 lines-of-sight was measured simultane-
ously in argon inductively coupled plasma. The spatial distribution of the excited level number density distribution was calculated from the
spatial distribution of spectral emission coefficients obtained from spectral tomography calculations. The three-dimensional distribution of
T, and N, was analyzed using a collisional-radiative model from the obtained spatial distribution of the excited levels number density. The
effects of power and pressure on the dependence of the spatial distribution of T, and N, were discussed. Furthermore, data processing
methods for spectral tomographic measurements with coarse wavelength resolution were also discussed.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0003209

I. INTRODUCTION macroparameters. Indeed, there has been an increasing number of
In recent years, the field of plasma processing has seen pro- reports on the diagnosis of the spatial distribution of plasma by
gress in the size of workpieces, the miniaturization of processed tomographic measurement. Optical emission spectroscopic (OES)
structures, and high aspect ratios. As a result, there is a growing measurement is a simple noncontact diagnostic method that can
demand for diagnostics of the spatial distribution of plasma be realized using an experimental system and is suitable for
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performing real-time measurements of processing plasmas.
Diagnosis of the spatial distribution of plasma using tomography
and emission spectroscopy, specifically in the field of fusion reactor
plasmas,' has been considered for a long time. Inverse integral cal-
culations, such as the Radon transform, have previously been uti-
lized, and with improvements in computer performance, some
studies have also used discrete tomography.”

In a prior study’ on air plasma arc jet, simultaneous
five-line-of-sight spectroscopy was performed by placing several
mirrors inside the vessel and guiding the reflected light to a lens
placed in front of the entrance slit of the spectrometer. The study
diagnosed the excitation temperature distribution as well as the
rotational and vibrational temperatures. In the prior study, a dif-
fraction grating movable polychromator was used. This facilitates
measurement over a wide wavelength range with high wavelength
resolution. However, a fixed reflector and mirror are used as the
incident optical system to the spectrometer, which limits the
number of lines-of-sight. In addition, the complexity of the inci-
dent optics makes it difficult to apply this method to process
plasmas at a reduced pressure.

In Barni et al’s study” of toroidal field confined plasmas, 19
lines-of-sight were positioned. Each of the lines-of-sight was taken
sequentially at different times. The excitation temperature of the
hydrogen plasma was thus diagnosed. Tomographic measurements
with a single line-of-sight spectrometer were achieved by taking mul-
tiple random line-of-sight measurements and averaging the results.
However, the method did not acquire all the lines-of-sight simultane-
ously. In that method, the uncertainty of the reconstructed image
may increase due to plasma time evolution.

An example of tomographic optical emission spectroscopy of
an inductively coupled plasma™® has been reported. As the result of
spectral tomography, the spatial distribution of the excited-level
number density distribution was obtained. In the prior study, a
single fiber that had a position-variable lens head with a four-axis
robot was employed as the input optical system to the monochro-
mator. The system deserves special mention for its ability to
change observation positions quickly and freely. However, the
system was mechanically complicated.

In low-temperature weakly ionized process plasmas, diagnostics
of electron temperature T, and density N, are important.” However,
there are few reported cases of T. and N, by tomography measure-
ments in weakly ionized plasmas. Moreover, most of them employ
the line-pair method, which is extremely undesired for non-
equilibrium ionized plasmas.

Tomographic OES measurements were performed on arc
plasmas by arranging a photometric system with a plasma source
on the rotation stage and a movable one-line-of-sight lens.” The
temperature, ionization coefficient, electron (ion) density, and
atomic density were obtained using the line-pair method.

Rathore et al.” entailed tomographic OES measurements on
microwave-induced plasma using eight pinhole cameras with wave-
length filters. The spatial distributions of the T. and N, were
obtained by assuming a coronal equilibrium.

Gonzalez-Fernandez et al. performed tomographic optical
emission spectroscopy in a linearly magnetized plasma system with
49 lensed fibers.'” T, and N, were obtained using the line-pair
method with the assumption of corona model.
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However, these reports assume simplified excitation kinetics.
Introducing that assumption has the advantage of facilitating a
rough understanding of atomic-molecular processes and contrib-
utes to reducing the computational complexity of excitation kinetic
calculations. On the other hand, it limits the applicable plasma
macroparameters; therefore, there are limits to the types of plasma
(for ionized plasma or recombination plasma) where the applied
excitation kinetics is validated."'

The collisional-radiative (CR) model is a type of excitation
kinetic model that takes macroparameters such as the temperature
(of electrons, atoms, and ions), density (of electrons, atoms, and
ions), and pressure as inputs, calculates the rates of various elemen-
tary processes, and outputs an excited-level number density distri-
bution by analyzing the rate equations. In principle, the CR model
can be applied to a wide range of macroparameters, making it a
highly versatile excitation kinetic model. Experimental data from
tomographic OES measurements must be analyzed by a CR model
that can faithfully describe atomic and molecular processes.
However, only one study using such a strategy has been reported,'”
where in tomographic optical emission spectroscopy was performed
in the plume region of a Hall-thruster Ar plasma using radon con-
version. In the study, the Hall-thruster on a rotating and x — y (hor-
izontal) stages was installed in a vacuum chamber (diameter: 1.5 m,
length: 3.0m). A fiber with a lens on the z (vertical) stage was also
installed in the vacuum chamber. Spectra were took for every 10°
rotations of the stage. The imaging was repeated at 69 points by
scanning the x stage; in total, 1242(=69 x 10) line-of-sight of mea-
surements sequentially. Through spectral tomographic analysis and
CR modeling, the x-y distributions of T. and N, were diagnosed. It
was noted that the time difference between acquiring the spectra
could be a source of increased uncertainty in the reconstruction.

In the field of semiconductor processing, various plasmas with
different temperatures, pressures, and principles are in general
use.'” However, spatial in situ diagnoses applicable to these
plasmas have not been realized.'* With the above background,
plasma diagnostics based on the combination of spectroscopic
tomography measurements and CR modeling should be applied to
semiconductor process plasmas.

Our study aims to diagnose the spatial distribution of T, and
N, in plasmas by analyzing the spatial distribution of the spectral
emission coefficients of plasmas obtained using tomographic emis-
sion spectroscopy measurements, based on a CR model. An argon
low-pressure discharge plasma generated by an inductively coupled
plasma system is used as the experimental target. The basic charac-
teristics of plasma are observed. The findings will serve as a basis for
future plasma experiments on other gas species. The present study
aims to realize diagnosis that has a more noninvasive experimental
system and a more versatile atomic and molecular process analysis.

The feature of the experimental system is that a radiometric
system was constructed to simultaneously acquire spectra of 18
lines-of-sight, including intersecting lines-of-sight. Uncertainties of
reconstructed image due to time fluctuations will prevent by
acquiring all line-of-sight lines at the same time. Spectral radiance
is observed by lenses placed outside the chamber through the
windows. This eliminates the need to place the optical system in a
vacuum and reduces the observation window area of the device,
making it more applicable to actual process equipment.
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employed for the atomic and molecular process model to achieve
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an analysis. This enables the analysis with the possibility of hand Mass flow Lens
extension to plasma diagnostics with different generation princi- controller
ples. The second feature of the analysis is that the constrained regu-
larization algorithm, a type of (pixel-based) reconstruction, is -
extended as a wavelength function for spectral. Furthermore, we — | Lens ©
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will propose a method of wavelength interpolation and extraction y@ ol 3
of emission lines for processing experimental data in spectral Turbo
tomography measurements using a multichannel spectrometer. molecular Wi

pump indow
Multi-channel — Optical fiber
Il. EXPERIMENTS Rotary pump polychromator
A. Optical emission spectroscopic measurement of 355
plasma '
Figure 1 shows the experimental inductively coupled plasma FIG. 1. Schematic of ICP-generating apparatus. The sizes are denoted at the

(ICP)-generating apparatus employed in this study. The inner wall chamber internal.

of the chamber was anodized aluminum (pressurized steam sealing,
VACAL-SAL2V3010A, ULVAC TECHNO, Ltd.). A spiral-shaped
radio frequency (RF) antenna was placed at the top of the chamber
over the top window (synthetic quartz, diameter: 205 mm, thick-
ness: 21.5mm). The side-view window (synthetic quartz, height
115mm X width 10 mm, thickness 6 mm) was placed on the
chamber sidewall. Argon (Ar) gas was supplied to the chamber via Log(A) = Rga(A) Ey(d) 1)
a mass flow controller. The chamber was evacuated using turbomo- s e
lecular and rotary pumps. The base pressure of the vacuum
chamber was 1.5 X 107> Pa. A 13.56 MHz RF power was applied to where Ryq(A) is the calibration value of the spectral total reflectance
the RF antenna to generate the plasma. of the standard diffuse reflector and Egq4(2) is the calibration value
Eight and ten collimator lenses (#88-173, Edmond Optics) of the spectral irradiance standard lamp at 500 mm in front. It
were placed on the outside window of the side (+y side) and must be noted that Ryq(4) and Egq(4) were discretely calibrated at
top (+z side) of the chamber, respectively, as shown in Fig. 2. 1 and 5 nm intervals, respectively. The interpolated values Sj,g(4)
The collimator lenses were connected to a multichannel spec-
trometer (M116, Horiba, focal length: 116 mm) with optical
fibers (core diameter: 100um). The line-of-sight dependence of ® 205
spiral radiance at the air-side surface on the window
Lplasma air(4) was measured by the multichannel spectrometer as
described in Sec. IT B.

The spectral radiance on the standard diffuse reflector surface
Lqd(A) was obtained as shown in Fig. 4 and as follows:

¥¥:€0:90 G20z Ateniged /|

B. Spectral radiance calibration and Fresnel reflection
correction

The spectral radiometry system was calibrated using a setup
as shown in Fig. 3. A spectral radiance surface'” was realized
using a spectral irradiance standard lamp (JPD100V500WCS,
Ushio Lighting) and a standard diffuse reflector (SG 3051,
SphereOptics). The spectral irradiance standard lamp was driven
at a constant voltage of DC 95.0V (the specified voltage as the
standard lamp) by a DC power supply unit (PSW-720M160,
TEXIO TECHNOLOGY CORPORATION). The voltage was mea-
sured using the four-terminal method to prevent measurement
errors due to voltage drop in electric wires. The light shields with T
hole'” were placedgbetween the spectral irradianceto7 standard lamp QQBQQQ
and the standard diffuse reflector. The hole size of the light
shields is larger than the line connecting the outline of the bulb
of the spectral irradiance standard lamp and the outline of the
standard diffuse reflector. Therefore, direct light is not blocked,
while stray light is blocked.

~
X
<
-
o
0
()

FIG. 2. Lines-of-sight of the spectral radiance measurements on the chamber
windows.
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FIG. 3. Experiment setup of spectrometer spectral radiance calibration.
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reflector
Rstd(l)
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spectral iradiance
standard lamp
Esta(D

Lagrangian interpolation
of two front points and
two back points
(Eq.(5)
in JIS Z 8724: 2015)

Lagrangian interpolation
of two front points and
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(Eq.(5)
in JIS Z 8724: 2015)

Spectral radiance
on the standard diffuse reflector

Lsta (A)

|

O]

FIG. 4. Calculation flowchart of the spectral radiance on the standard diffuse
reflector Lgg(A).

at any wavelength A in the middle were calculated using the
Lagrangian interpolation of the calibrated values of two front
points: S;(4;) and S;(4,), and two back points S3(43) and S4(44),
which is shown in Eq. (5) of JIS Z 8724:2015'° as follows:

¥¥:€0:90 G20z Ateniged /|

(A=) =) (A —44)
(1 = 2A2) (A1 — A3) (A1 — Aq)
(A=2)A = 23)(A — 44)
(A2 — A1) (A2 — A3) (A2 — A4)
(A=) =)A= A4)
(A3 — A1) (A3 — A2) (A3 — A4)
(A=A)A =) —4s)
(A = 41) (A4 — 22) (A4 — A3) 5:(34),

slagr (l) = Ss (’11 )

Ss(42)

Ss(A3)

@

where 1 < 1, <1 <3 < Ay

The count value when observing the spectral radiance stan-
dard plane: I gross(A) Was measured by the experimental setup as
shown in Fig. 3 for each channel (per fiber with lens).
Furthermore, the dark count value: Iyq dark (A) was measured by the
same system in turning off the spectral irradiance standard lamp.

Therefore, the net value of the spectral radiance of the plasma
at the air-side of the window surface: Lyjsma air(4) Was calculated for
each channel as shown in Fig. 5 and as expressed in the following

J. Vac. Sci. Technol. A 42(2) Mar/Apr 2024; doi: 10.1116/6.0003209
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Count value of
spectrometer
Iplasma dark (}L)

Count value of
spectrometer

Iplasma gross (A)

Dark minus
Iplasma gross (ﬂ-) - Iplasma dark(ﬂ-)

Lsea (1)
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Count value of
spectrometer
Istd gross (A)

Count value of
spectrometer
Istd gross (A)

Dark minus
Istd gross()') - Istd dark(’l)

Spectral radiance on window surface of air side
Lplasma air(}-)

Fresnel reflection calculation at the window

|

Published under an exclusive license by the AVS

Spectral radiance on wim%w surface of vacuum side
Lplasma(l)
FIG. 5. Calculation flowchart of the spectral radiance of plasma. 3
2
equation: calculations. In this study, we developed a spectral tomography §
program by extending to wavelength function based on Ferreira g
L ) = L) Tplasma gross(4) — Iplasma dark (4) 3) et al’s constrained regularization source code.'”*’ §
plsma air std Litd grossA) — Istd dark(R) L;(A) is the measured projection [in this study, it corresponds *
to Lplasma(A)] of the ith lens (i =1, 2, ..., ny + ny, where n, =8
where Ipjasma gross(1) and Ipjasma dark (A) are the count values during and s, = 10 are the number of line-of-sight of vertical and hori-
the plasma discharge and when the plasma was switched off, zontal directions, respectively.). nicols(for column) X 714y (for row)
respectively; the numerator and denominator denote the net count pixels reconstruction plane is considered, which were assumed
values of plasma and spectral radiance standard surface measure- 57 x 39 in this study. Note that the actual dimensions per pixel of
ments, respectively. the reconstructed image plane for y and z directions: Ay and Az are
Fresnel reflections occur at the window-air and window-vacuum derived from the above definition as follows, respectively:
interfaces. Therefore, the spectral radiance at the vacuum-side surface
of the window Lyjasma(4) was calculated from Lpjasma air(4) using the Ay= Ymax — Ymin (4)
correction formula'” of the function of the window thickness and the Heols
refractive index of the window as shown in Fig. 5.
Az = Zmax — Zmin (5)
11l. SPECTROSCOPIC TOMOGRAPHY CALCULATION Mrows
This section outlines the principles of spectral tomography . .
calculations using the constrained regularization algorithm and wl.le?e Ymax and Ymin are .the y coordlnates. of the maximum and
then describes the data processing scheme of the spectral tomogra- minimum vzlilues in the pixel Plane, respectl\.'e%y; Zmax and Zmin are
phy calculation implemented in this study. tl'le z coordinates qf the maximum and minimum values in the
pixel plane, respectively. In this study, Ymax> Ymin> Zmax> and Zmin
. o . were assumed +19.0, —19.0, +13.0, and —13.0 cm, receptively.
A. Constrained regularization algorithm Therefore, Ay and Az were also 0.6667 cm/pixel.
The constrained regularization algorithm™'® is a type of algo- £j(A) is the reconstructed image (corresponding to the spectral
rithm for algebraic (pixel-based) reconstruction in tomographic emission coefficient) of the jth pixel (j =1, 2, ..., firows X Mcols)
J. Vac. Sci. Technol. A 42(2) Mar/Apr 2024; doi: 10.1116/6.0003209 42, 023003-5
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Li(4) Py, Pio o Prlngxme)
Ly(A) Py, P, e Py (gt x 110w
Lu i, (2) Pircmya Porm)z  Plagtm)(neo xmeon)
£(4)
£ @A)
X . , (6)

E(neol X Mrow) *)

where P;; is the projection (in this study, P;; corresponds to the
length of the ith line-of-sight on the jth pixel). We designated the
projection vector, projection matrix, and image vector as L, P, and
&, respectively. Equation (6) can be written as follows:

L= Pz (7)

In an ideal situation, where the image is completely reconstructed,
the left and right sides of Eqgs. (6) and (7) are equal. However, the
left and right sides did not match perfectly owing to numerical cal-
culation errors. To find £ from L, we must find the inverse of P;
however, because P is irregular, we cannot define the inverse of P.
Therefore, £ cannot be obtained analytically. Thus, the main objec-
tive of this reconstruction algorithm is to numerically find &, which
minimizes the residual difference ¢ between L and Pg,

¢=|L— Pe|* + o Drel” + 02| Dyel* + o] Lgll*,  (8)

where a;( > 0) is the regularization parameter that determines the
calculation errors of L and Pg, a; was given as 1 X 107>; a, and a3
are defined as follows:

a; =ay, (9)

as;=10a;. (10)

Dy, Dy, and I, are regularization matrices,

D,=E— A, (11)
where E is an #iroysficols-dimensional identity matrix and A = [a;;]
as follows:
1 []: i+1 (for i=12,..., (nrowsncols - 1))}
aij = 1 (1 = NrowsHcols> ]: 1) (12)

0 (else),

D,= E— B, (13)

where B = [b;;] as follows:

1 [j:i+ncols(f0ri:1,2,...,(nmwsncols—ncols))]
bij=14 1 [j=12,...,ncols> (FOr 1= (rowscols — Mcols 1) - -» Mrows cols) |
0 (else)
(14)

ARTICLE pubs.aip.org/avs/jva

and I, is a mask matrix, and the elements inside the ellipse [half
axes are (Mrows» Meols) and whose center is (0, 0)] are 0, and the
other elements are 1.

Here, the pseudoinverse matrix M of P is defined as

g=M-: L. (15)

From the above discussion, M can be expressed as
-1
M= (PTP+(x1 D! D, + o, D! D, +a31§10) Pl (16)

Therefore, the reconstructed image £, which corresponds to the
dependence of the spectral emission coefficient on the position
€;(4), can be obtained.

B. Spectral tomography calculation

This section describes the data processing algorithm to spectral
tomography on tomography calculation. The algorithm was devel-
oped in this study. Figure 6 shows the flow of data processing for
spectral tomography calculation. Generally, in multichannel spec-
trometers, even if the pixels belong to the same row in the pixel
plane of the image-receiving surface, the corresponding wavelengths
are different for each row. However, to perform spectral tomography
calculations, the dependence of spectral emissions between channels
on the same wavelength has to be obtained. Therefore, in this study,
linear interpolation of one front point and one back point was used
to obtain the spectral radiance at any wavelength from the experi-
mental spectral radiance data. The linear interpolated value Sjinear(4)
at A was obtained with the experimental data points of the front
S1(A;) and the back S,(4,) as follows:

A=A A—N
iear/1 = A e A 5 17
Stincar(4) /11_1231( 1)+lz—1182( 2) (17)

where 1; <1 < 4,. The reasons for adopting this interpolation
method are as follows: The mean slit wavelength width (wavelength
resolution, determined by pixel width) of the spectrometer
employed in this study is 2.19 nm. The mean measurement wave-
length interval (determined by pixel interval) of the spectrometer
employed in this study is 0.38 nm. Since the natural width of the
argon spectrum is sufficiently narrow, linear interpolation at one
point, before and after, was performed. In this study, the Lyjasma(4)
of each channel (CH) was interpolated by 0.2 nm at wavelengths of
350.0-972.8 nm. These were substituted into Eq. (15), and the
spatial distribution of spectral emission coefficients was obtained
from Lpyjama(4) in the wavelength of 350.0-972.8 nm by spectral
tomography calculation.

IV. DIAGNOSIS

A. Calculation of reduced population density
distribution

This section describes the method for determining the spatial
distribution of the number density of excited levels from the spatial
distribution of the spectral radiance. Table I shows the optical
emission lines employed in this study.
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18 line of sights

CH1 Wavelengths
2 = 349.452, 349.836,

973.076, 973.460 nm

Interpolated Lplasma @
wavelengths of CH 1
1 =350.0, 350.2,

972.6, 972.8 nm

Linear interpolation
of one point before

and one point after.

CH17 Wavelengths
A = 349.387, 349.771,

CH18 Wavelengths
2 = 349.373, 349.757,

973.212, 973.595 nm 973.172, 973.556 nm

Lplasma (A)
of CH 17

Lplasma (A)
of CH 18

Linear interpolation
of one point before
and one point after.

Linear interpolation
of one point before
and one point after.

- —>|

Spectral tomography calculation

l

Spatial distribution of spectral emission coefficient £(1)

FIG. 6. Calculation flowchart of the spectral tomography.

The relationship between the spectral emission coefficient and
the number density of the excited levels is expressed as follows:

in | epya- AGH s (09)

c
_ h AG, %)
where £« is the spectral emission coefficient of the transition
from level j* to level #*, that is, the line spectral profile of the transi-
tion from level j* to level i*; h is the Planck constant, c is the speed
of light, A(j*, i*) is the wavelength of the transition from level j* to
level i*, A(j*, i*) is Einstein’s A coefficient of the transition from
level j* to level i*, and n« is the number density of level j*.

When observing the line spectra nearby using a spectrometer
with a large wavelength resolution, the hems of the line spectra
overlap. Therefore, if the experimental data for spectral emission
coefficients are integrated over the wavelength range, the emission
coefficients for a given emission line cannot be determined cor-
rectly. To solve this problem, we separated adjacent line spectra by
fitting the calculated value obtained using the Voigt function to the
experimental data of the spectral emission coefficients. Then, the
emission coefficients were obtained by integrating the line spectrum
profiles (spectral emission coefficients) obtained using the Voigt
function in the wavelength direction for each transition alone.

Prior studies with Abel transformations used the same transi-
tions for all positions to diagnose. On the other hand in this study,
in each pixel, emission lines were mechanically extracted from the
experimentally obtained spectral emission coefficient data, and the
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&
5
extracted emission lines were used to obtain the excited-level N
number density distribution. Because the wavelength distribution §
and strength of the spectral emission coefficients differ greatly &
depending on the spatial location, there were no transitions that £
appeared in common for all pixels.
B. Argon CR model and diagnostics with the model
The Ar CR model™ is an excitation kinetic model that pro-
vides a reduced population density distribution n;/g; with T, elec-
tron energy distribution function (EEDF), N, atomic temperature
T,, ion density Nj, and plasma radius r as input parameters. The
rate equation is as follows:
dl’l,‘ _ & C(i. )N K(i.i
T > [ {CG, )Nen; + K, jymyn;}
j=it1
+{F(j, )Nen; + L(j, )nyn; + A(j, )Ajin; }|
i1
+> [{CG, DINen; + K (G iymin;}
=1
—{F(i,))Nen; + LG, jynin; + AG, j)Aijn; } ]
— {S(i)Nen,- + V(i)nln,»}
+ [{O()Ne + W(i)n; + R(i)A;} | NeN;
- [DO+B@®] (=23,..) (19)
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TABLE |. Optical emission lines for OES measurement.

ARTICLE pubs.aip.org/avs/jva

Upper level Lower level
v 1,22 21 v 1,22 21
Ritz wavelength”’ Vlicek Racah Vicek Racah A coefficient?!
in air A(j*, i*) [nm] Level j g Level j* g Level i g Level i* & A (G ) [s7']
708.6705 21 24 65'[1/2]° 3 10 1 4p[1/2], 1 1.50 x 10°
794.8176 8 8 4p'[3/2); 3 4 1 45'1/2]; 1 1.86 x 107
826.4521 9 3 4p'[1/2], 3 5 3 45(1/2]] 3 1.53 x 107
840.8209 8 8 4p'[3/2], 5 5 3 45[1/2] 3 223 %107
842.4647 7 20 4p[5/2], 5 3 3 4s[3/2]; 3 2.15% 107
852.1441 8 8 4p'[3/2); 3 5 3 45123 3 139 x 107
866.7943 7 20 4p[3/2]; 3 4 1 45(1/2], 1 243 x10°
912.2967 6 3 4p[1/2], 3 2 5 4s(3/2]5 5 1.89 x 107
922.4498 7 20 4p[3/2], 5 5 3 45'[1/2]; 3 5.00 x 10°
935.4218 7 20 4p[3/2); 3 5 3 45'1/2]; 3 1.06 x 10°
965.7786 6 3 4p[1/2], 3 3 3 4s(3/2]; 3 5.40 x 10°

where C and F are the electron-collisional excitation and

de-excitation rate coefficients, respectively; K and L are the atomic-
collisional excitation and de-excitation rate coefficients, respec-

tively; A is the radiative transition probability; S and O are the

atomic-collisional ionization and electron three-body recombina-
tion rate coefficients, respectively; V and W are the atomic-

collisional ionization and atomic three-body recombination rate

coefficients, respectively; R is the radiative recombination rate coef-

ficient; B is the rate of generation of metastable Ar, molecules, D is
the diffusion loss of the metastable Ar atom; A;; and A; are the
optical escape factors of the transition from level i to level j and the
transition from ion level to level i, respectively. The rate coefficients

were calculated based on reaction cross sections, which were func-

tion of T, Ne, p, 7, Ty, or Ny, as shown in the study by Vlcek.””
The quasistationary approximation (d/d¢ = 0) in Eq. (19) yields a

set of simultaneous equations with T, and N as input variables
and n; as the output variable. A;; and A; were calculated as shown

in the study by Vlcek.”> Optical thickness for transitions to the
ground level A;; was considered and to non-ground levels were
assumed to be optically thin [A;; =1 (for j # 1)].

In this study, T. and N, were determined by fitting the n;/g;

distributions of the experimental values by OES measurements and
the values calculated from the Ar CR model. The objective function
was assumed as follows:

17,23,24

fi for the fitting

AT No) = Z(M—

iops/ i

i€l

where Mimodel (Te, Ne)/gi is the value of n;/g; from the Ar CR model

2
1)

(20)

and nogs/g; is the experimental value obtained from OES measure-

ments; I is a set of optical emission lines that are employed for the
fitting. In this study, 9, 10, or 11 optical emission lines shown in
Table I for diagnosis were employed. T. and N, were obtained by

fitting the minimization f;.

V. RESULTS AND DISCUSSION
A. Spectral tomography

Figures 7-14 show the dependence of the spectral emission
coefficient on the spatial position, pressure, and power. The spec-
tral emission coefficient increased with increasing pressure and

power. The spectral emission coefficient was generally higher in the
center and lower in the periphery in the y-direction. For the
z-direction, it was higher on the upper side, just below the antenna
and window, and decreased downstream. The spatial distribution of
spectral emission coefficient was different for each wavelength even
at the same pressure and power. It denotes that each excited level

had a different dependence on the spatial distribution.

In the central region where the lines-of-sight intersect, the

¥¥:€0:90 G20z Ateniged /|

spatial distribution could be observed at a high resolution; however,
the resolution of the reconstructed images was inferior in the
peripheral areas where the lines-of-sight did not intersect. In the
peripheral area, there were areas that the spectral emission coeffi-
cients as a reconstructed value were negative values. In this experi-
ment, the line-of-sight placement was concentrated in the center of
the chamber, and thus, the spatial distribution of spectral emission
coefficients at the periphery could not be adequately obtained.
Therefore, uncertainty in image reconstruction may have been
greater at the same area. In this study, subsequent analyses for diag-
nostics of T, and N, are discussed focusing only on the central

region (—10 < y[cm] <10, — 4 < z[cm] < 4).

B. Diagnosis of electron temperature and density

Figure 15 shows the T, diagnostic result as a dependence on
pressure and spatial position. T, decreased with increasing pressure.
A possible mechanism behind this observation is that the increase
in pressure increased the electron-atom collision frequency and

reduced the high-energy component of the electrons.

Figure 16 shows the T, diagnostic result as a dependence
on power and spatial position. T, increased monotonically with
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power from 200 to 400 W. It decreased once, from 400 to
600 W, and increased again from 600 to 800 W. The mechanism
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g = respectively.
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at 400 to 600 W may have been a transition from the E-mode
(capacitive discharge mode) to the H-mode (inductive discharge

Published under an exclusive license by the AVS

for the roughly monotonic increase in power and T, is thought mode). The phenomenon that the T. drops once at the transi- f‘:
to be the increase in electromagnetic field strength that accom- tion from the E-mode to the H-mode even with increasing &
panied by the increase in power, which contributed to the power is reported in a simulation of an argon ICP plasma atg
acceleration of electrons. The cause of the decrease in T, once 6.7 Pa by Zhao et al.” 8
2
g
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- 96
8
g F‘g 72
9 =
—16—12-8 —4 0 4 8 12 16 —16—12-8—4 0 4 8 12 16 =% FIG. 8. Dependence of 708.6nm of
26 48 the spectral emission coefficient on the
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The y-direction dependence on T, shows asymmetry higher in
the center and lower in the periphery. The z-direction dependence
on T, shows higher in the upper side and lower in the lower side.
This is because of the grounded window flange and the
nonuniform-induced electromagnetic field distribution on the y-x
plane and the asymmetry of the geometrical structure of the device,
particularly the spiral antenna ends.'”
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Figure 17 shows the N, diagnostic result as the dependence on
pressure and spatial position. N, decreased with increasing pres-
sure. This may be due to the increase in ionization/desorption reac-

3
tions caused by the increase in electron-atom collision frequency F
due to increased pressure. Figure 18 shows the N, diagnostic result g
as a dependence on power and spatial position. N. was generally 2
constant regardless of the electric power. N, exhibited a gradual §
8
o
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N
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12 16 FIG. 10. Dependence of 750.4 nm of
the spectral emission coefficient on the
position and pressure at P = 300 W.
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g - p=20.5,1, 5, and 10 Pa, respectively.
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change in the spatial distribution, regardless of the geometric struc-
ture of the device. This is attributed to the significant influence of
the diffusion effect on the wall and other factors. In addition, the
spatial distribution was asymmetrical.

There is a previous literature'’ reporting electromagnetic
field simulations for the experimental apparatus used in this
study. In that simulation, the electromagnetic field distribution
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was asymmetric. The asymmetry of the electromagnetic field
distribution was considered to be caused by the axially asym-
metric shape of the spiral antenna. Note that in this study 3
spontaneous emission transitions between excited levels were
assumed to be optically thin. This assumption may be a cause
of increased uncertainty of the diagnosis result of T. and N, in
high-density plasmas.
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C. Discussion of uncertainty of spectral tomography three times measurements. T, and N, were diagnosed from the
and diagnosis three times measurements independently, and their average and
At the beginning, middle, and end in a series of experimental range were also obtained as shown in Figs. 20 and 21, respectively. 3
sequences with varying pressure and power, the spectral radiance The range of the emission coefficient was largest in the area &
was also measured at p = 10Pa, P = 800 W three times in total. around y = 0cm, z = 8cm. It corresponds to the area near theg
Figure 19 shows the average and range of the emission coefficient quartz window just below the antenna, and it is possible that the 3
as the result of spectral tomography calculation at 708.6 nm on the repeated uncertainty in the impedance matching may have affected &
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FIG. 15. Dependence of electron temperature on spatial position and pressure
respectively.

the changed electromagnetic field generated by the antenna. In
each of the three measurements, the variable capacitor constant
of the auto-matcher changed in each trial. This suggests that the
impedance of the plasma as the object of observation as well as
the spectral emission coefficient distribution of the plasma itself
changed from trial to trial. Hence, the range of spectral emission
in the area located just below the antenna would have been
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at P =300W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa,

—-10-8 6 —4—-2 0 2

larger. This result suggests that the uncertainty in plasma diag-
nostics performed by combining tomographic optical emission
spectroscopy measurements and CR modeling will increase if all
lines-of-sight are not acquired simultaneously. In particular, the
simultaneous acquisition of all lines-of-sight is important for
plasma diagnostics that combine tomographic optical emission
spectroscopy and CR modeling.
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FIG. 16. Dependence of electron temperature on spatial position and RF power at p = 1Pa. (a), (b), (c), and (d) are the results at P = 200, 400, 600, and 800 W,

respectively.
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FIG. 17. Dependence of electron density on spatial position and pressure at P = 300 W. (a), (b), (c), and (d) are the results at p = 0.5, 1, 5, and 10 Pa, respectively.
This result suggests that in order to reduce the uncertainty simultaneous acquisition of all lines-of-sight in plasma diagnostics

of the spectral emission coefficient as a reconstructed image based upon tomographic optical emission spectroscopy combined
in tomographic optical emission spectroscopy, it is necessary with the CR modeling, as mentioned above.

to simultaneously acquire the spectral radiance of the entire The areas around y =12 to 16cm, z= —6 to 4cm and
line-of-sight of the cross section under observation. The position y=—16to —12cm, z = —6 to 4 cm also showed characteristic dis- _:'l;
of the T, maximum is just below the antenna, near y = 0 cm and tributions. They correspond to the positions where the spectral &
z = 4 cm, the same position where the spectral emission coeffi- emission coefficient as a reconstructed image exhibits a negative g
cient reached its maximum value. value and where there is no line-of-sight intersection. Furthermore,
In other words, time evolution of the T, of the plasma could spectral emission coefficients in those areas are smaller than in §
be observed. The results further support the importance of the other areas. Therefore, in those areas, it was considered that the g
S
S
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g
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FIG. 18. Dependence of electron density on spatial position and power at p = 1Pa. (a), (b), (c), and (d) are the results at P = 200, 400, 600, and 800 W, respectively.

J. Vac. Sci. Technol. A 42(2) Mar/Apr 2024; doi: 10.1116/6.0003209 42, 023003-14
Published under an exclusive license by the AVS


https://pubs.aip.org/avs/jva

JVST yAN ARTICLE pubs.aip.org/avs/jva

Journal of Vacuum Science & Technology A

= 2.00
= 83 2 15 195
g — S 1.90
£ gl |e2 S| |iss
g c =
S 5 1.80
o
e § 4.1 5 17
2 - 1.70
5§ % £
= B[ 21 32
8 3 m
3
o 0.0 = 0.08
= 0.07
—16—12—-8 -4 0 4 8 12 16 X 0.05
‘g 0.04
2.7 g 003
5 g 0.01
2 b 0.00
% E| 20 —10-8—6—4-20 2 4 6 8 10 &
8w 3
E € y [em] 2
-] 14
qg) s FIG. 20. Spacial dependence of electron temperature on p = 10Pa,
TQ %_ 0.7 P =800W. (a) and (b) show the average and range of three times measure-
g = ment, respectively.
2,
» 0.0
—16—12—8 —4 4 12 1 .
6 8 0 8 6 the result. The difference between n;ops/g; and nimodel/g Was larger
y [cm] in Vlcek level number i = 21 compared to i =6, 7, 8, and 9. It is 3
due to the absolute value of the spectral radiance of the transition &
. o
FIG. 19. Spacial dependence of spectral emission coefficient at 708.6 nm on that was small, so the uncertainty of njogs becomgs large. 2
p = 10Pa, P = 800W. (a) and (b) show the average and range of three times Figure 23 shows the dependence of the optical escape factor ¥
measurement, respectively. from ion level on excitation state levels. The levels except for the &
5
S
. . . — 4.74x10°
signal-to-noise ratio on OES measurements was smaller. Therefore, 'T'E .
the iterative uncertainty is considered to have increased. S, 295x10
The method was employed by this study, which simultane- = 183x 10"
ously measures all the lines-of-sight of the measured cross section. g 114x10%
As mentioned above, the method has the advantage that there is no g 7.08x10'2
uncertainty in the reconstructed image due to the time evolution of § 4.40x 102
the plasma. However, in the same method, the number of 3
lines-of-sight is generally lower than that of the line-of-sight scan- =
ning method due to objective overlap of lenses and equipment cost.
In particular, the system in which plasma is observed from outside & 100x10™
the observation window, as in this study, has the advantage of not 8 251x10'®
disturbing the plasma in the depressurization process. However, the = 6.31% 10"
method has the disadvantage of the limitation of the number or z 158 x 102
placement of lines-of-sight. Future work is to improve the spectral _§ 398x 10"
tomography algorithm. AP\ g 100x 10"
On the other hand, the range of N, was spatially nearly —10-8—6—-4-20 2 4 6 8 10 §
uniform. This is thought to be because the absolute value of N, was 3

y [em]

nearly uniform spatially, and the effect on repeatability was small.

To discuss the fitting uncertainty of Eq. (20), the reduced pop- ) )
ulation density: 7moqe/g; Was recursively calculated by Ar CR FIG. 21. Spacial dependence of electron density on p = 10Pa, P = 800 W.
model to substitute T. and N, which were diagnosed by the fitting Slp:gt(ijvel()l/)) show the average and range of three times measurement,
of the Ar CR model as shown in Figs. 20 and 21. Figure 22 shows '
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FIG. 22. Dependence of reduced population density of electron density on the
position at p = 10 Pa, P = 800 W. This figure shows the result of the average
of three times measurements.

Vlcek level numbers 3, 5, 12, 15, 16, 17, 20, 21, 26, 27, and 33 were
optically thin, ie., their optical escape factors were equal to one.
Vlcek level 21 was the only nonone in the levels that were
employed for fitting in this study as shown in Table I. This may
have affected the convergence of same-level fitting. In this study,
the results are presented using the CR model that considers optical
thickness for some transitions, as shown in Eq. (19).

To discuss optical escape factor, we attempted to fit T, and N,
under assuming optically thin for all transitions, but the results did
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FIG. 23. Optical escape factor p = 10Pa, P = 800 W. This figure shows the
results of the average of three measurements, with data points in the range
—10cm <y <10cmand —4cm < z < 4cmon Figs. 20 and 21.
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not converge within the search range. This result suggests the valid-
ity of the model employed in this study. However, the model does
not take into account the optical thickness between the excited
levels, which is an issue for future work.

VI. CONCLUSION

An optical system was constructed to simultaneously acquire
the spectral radiance of 18 lines-of-sight for tomographic OES
measurement of low-pressure inductively coupled plasma. The
optical system is located outside of the plasma system, which
means that it is an undisturbing plasma diagnostic technique and
highly applicable to process equipment. The position dependence
of the spectral emission coefficients was obtained from the spectral
radiance by spectral tomography calculations. The spatial distribu-
tion of the number density of excited levels was obtained based on
the emission line spectra. The spatial distribution of the excited
level number density was analyzed based on a CR model to diag-
nose the spatial distribution of T, and N..

The effects of antenna power and total pressure on T, and N,
are revealed. The effect of the placement of line-of-sight and
plasma time evolution on T, and N, from spectral tomography
measurements and CR modeling is discussed.
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