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ABSTRACT

A wide variety of feed gases are used to generate low-temperature plasmas for the microelectronics and sustainability applications. These
plasmas often have a complex combination of reactive and nonreactive species which may have spatial and temporal variations in density,
temperature, and energy. Accurate knowledge of these parameters and their variations is critically important for understanding and advanc-
ing these applications through validated and predictive modeling and the design of relevant devices. Laser-induced fluorescence (LIF) pro-
vides both spatial and temporally resolved information about the plasma-produced radicals, ions, and metastables. However, the use of this
powerful diagnostic tool requires the knowledge of optical transitions including excitation and fluorescence wavelengths which may not be
available or scattered through a huge literature domain. In this paper, we collected, analyzed, and compiled the available transitions for
laser-induced fluorescence for more than 160 chemical species relevant to the microelectronics industry and the sustainability applications.
A list of species with overlapping LIF excitations and fluorescence wavelengths have been identified. This summary is intended to serve as a
data reference for LIF transitions and should be updated in the future.
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I. INTRODUCTION atomic layer etching (ALE), atomic layer deposition (ALD), area
selective deposition, and high aspect ratio processing to achieve
such precision.””'* Achieving such precision without damage to
the underlying material layer will require meticulous control over
the ion energy (or velocity) distribution function (IEDF/IVDF), the
fluxes of ions and radicals, and the chemical composition near the
material surface.' "

Since their inception, the standard diameter of the silicon
wafers used in the microelectronics industry has been increasing to
enhance the throughput and reduce the operational cost. Starting

According to Moore’s law, the number of transistors on a chip
exponentially increase every year.”* The semiconductor industry
has been able to keep up with this law by the use of the low-
temperature plasma based processes to perform operations such as
etching, deposition, or cleaning. The microelectronics industry
widely uses plasma-based deposition techniques such as sputtering,
plasma-enhanced chemical vapor deposition, oxidation, and plana-
rization.” Film and material removal techniques such as etching,

photo resist stripping, and cleaning” also involve plasma-material from a wafer diameter of 12.5mm in the year 1957, the industry
interactions. The underlying materials science and the plasma- currently uses a size of 300 mm and proposes to use a size of
surface interactions are not completely understood, which poses a 450 mm in the future.'” This increase in wafer size necessitates
significant challenge to develop new tools for the industry. The fab- larger plasma chambers. Radio frequency capacitively coupled
rication of microelectronics in the present era requires sub-nm pre- plasmas are known for generating large-scale self-organized pat-
cision accuracy to enable technologies such as the 3 and the 2 nm terns, leading to spatial nonuniformities that become particularly
nodes.” Modern microelectronics industry uses processes such as critical in larger chambers.'® Etching and deposition occurs on the
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silicon wafer surface and it is essential to know the chemical and
plasma properties close to the wafer surface. The control over the
processes occurring on the wafer surface can be achieved by under-
standing the chemical stoichiometry close to the wafer surface.'”
The measurement of spatial variation in the properties of the radi-
cals, ions, and metastable species will help in determining the oper-
ational parameters that generate a spatially uniform plasma.

Material processing is often controlled by using a pulsed
plasma with a duty cycle that allows for periodic intervals where
ions or radicals are acting on the material. Volatile products from
the material surface are removed during the plasma-off phase. Ions
are accelerated toward the material surface by applying a bias
voltage on the material surface. By varying the duty cycle of the
pulsed plasma, a reproducible high aspect ratio anisotropic etching
can be achieved.'™'* The measurement of the temporal variation of
the radicals, ions, and metastable species in a pulsed plasma will
validate the simulation models, which are widely used in the micro-
electronics industry.

The emergence of alternative materials with unique properties
such as a single atomic layer or thin films, two-dimensional materi-
als, materials with controlled defects, and nanocrystal assemblies,
the semiconductor industry is entering a new post-silicon era.'®
These materials include group III and IV materials, MoS,, WSe;,
graphene, TiO;, VO,, SmNiO,, and others.'”*" The post-silicon
era materials are of interest for quantum computing, quantum elec-
tronics, and quantum photonics.”'

Similar to low-pressure plasmas used in the microelectronics
industry, atmospheric pressure plasmas which are widely used for
sustainability applications, can also involve a complex chemis-
try.>*>*” These plasmas are used for a wide variety of existing and
emerging applications such as plasma medicine,”* plasma agricul-
ture,” plasma synthesis of nanomaterials,”® plasma catalysis,””**
thermal ~plasmas for welding, cutting and spraying,”’
plasma-assisted combustion,” environmental applications,”* pol-
lution control,”*** additive manufacturing,35 and others. These
plasmas operate at atmospheric pressure (1 atm) and do not require
vacuum hardware to generate the plasma. All these applications
require the interaction of plasmas with solids and liquids.”*”

While the plasmas used in the microelectronics industry can
be tens of cms in dimensions, the plasmas used in sustainability
applications vary in size from microplasmas (micrometers to milli-
meters size)”® to large volume reactors (several centimeters).”’
Microplasmas have large gradients in the density of ions, electrons,
and radical species over a dimension of a mm. Large-volume reac-
tors can result in a spatially nonuniform discharge. To avoid
forming filamentary discharges, the atmospheric pressure plasmas
are often generated using pulsed voltage waveforms with a duty
cycle. So, the plasma is on only for a fraction of the time. Similar to
the use of pulsed plasmas for the processing of microelectronics, it
results in an intermittent plasma with a temporal variation of the
density of electrons, ions, and radicals generated by the plasma.

The predictive design capabilities of the plasma sources used
for the microelectronics and sustainability applications can be
developed by the comprehensive modeling of the plasma reactors
involving hybrid fluid simulations. Modeling is often plagued by
the lack of the chemical kinetics information and the experimental
data to validate the simulation results. Measurement of the spatial
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and temporal variations in the IEDF/IVDEF, ion/radical/metastable
density distributions, and gas temperatures can inform and
improve the predictive capabilities of the simulations.
Non-intrusive optical diagnostic techniques such as optical emis-
sion spectroscopy and absorption spectroscopy are line-of-sight
integrated techniques and obtaining spatially resolved information
requires the assumption of a spatial profile.

A laser-based technique such as laser-induced fluorescence
can resolve both the spatial and temporal information, while being
nonintrusive. Being a resonant laser-based technique, it can detect
species even if there is no detectable optical emission from the
plasma, in addition to when there is optical emission from the
plasma. The LIF transitions for various species such as ions, atoms,
and molecules are spread over different scientific papers from
various fields. It is often not straightforward to find the different
species that can be detected by LIF and the various reported transi-
tions previously reported for a particular species. In this work, we
reviewed the basic principles of LIF and the different types of LIF
applicable for the microelectronics industry and the sustainability
applications. We compiled a LIF reference database with the avail-
able LIF transitions that will enable the measurement and detection
of the various plasma-produced ions, radicals, and metastables that
are relevant for the microelectronics and sustainability applications.
We describe the principle, the required instrumentation, calibra-
tion, and the applications of LIF in Sec. II. Section III provides the
compilation of the LIF transitions and we summarize in Sec. V.

1. LASER INDUCED FLUORESCENCE

A. Introduction and principle

Laser-induced fluorescence can provide both spatial and tem-
poral measurements of the plasma-produced neutral, ionic, and

metastable species. In LIF, laser irradiation resonantly excites the ¢
plasma-generated species to a higher electronic state. The excited ¢

species emit fluorescence upon relaxation to a lower level. This
fluorescence intensity can be used to quantify the species density
and the velocity distribution functions."’™*" When the wavelength
required for a resonant transition in LIF falls in the vacuum ultravi-
olet (VUV) region that is readily absorbed by the ambient air and
water vapor, a two-photon excitation scheme is used and the tech-
nique is called two-photon absorption laser-induced fluorescence
(TALIF). In this method, the energy required for exciting to the
upper level is provided by two photons. A schematic of the excita-
tion schemes for LIF and TALIF is shown in Fig. 1(a).

LIF has been used for measuring relative/absolute densities of
neutral radical species,“ velocity distribution functions (VDFs),"
and rotational temperatures of molecules.”’ Densities as low as
108 cm ™ have been successfully measured by LIF when using sen-
sitive modern optical sensors such as a photomultiplier tube
(PMT) or an intensified charge-coupled device (iCCD) camera.”’
The spatial resolution of LIF can be as low as 10 um depending on
the laser beam size and the optics used. Absolute densities of
neutral radicals can be obtained through calibration of the fluores-
cence signal. Rayleigh scattering from a known concentration of air
coupled with a multi-level model is typically used for obtaining
absolute densities for one-photon LIF schemes. Fluorescence from
the two-photon excitation of a known concentration of a neutral
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FIG. 1. (a) Transitions schematic and (b) experimental schematic of laser-induced fluorescence.

gas is used for the calibration of TALIF schemes. Details of the cal-
ibration methods have been summarized in Sec. II C. For obtain-
ing absolute densities, the laser energy in the LIF measurements is
maintained in the linear regime, i.e., when the LIF intensity is pro-
portional to the laser energy. This ensures that the ground state
density does not get depleted by the laser beam and the laser
energy is spent in the excitation from the lower level to the higher
level rather than from the stimulated emission from the higher
level to the lower level. Fully saturated laser induced fluorescence
has also been used for detecting species using LIF. In the fully sat-
urated LIF regime, a high laser energy is used that ensures that the
stimulated emission dominates over the spontaneous emission and
the collisional quenching of the excited state.”>>> Furthermore,
saturation will broaden the LIF absorption line profiles and
modify the line profile to a Lorentzian shape.”””” Saturation
broadening needs to be accounted for deducing the velocity distri-
bution function. While fully saturated LIF has been used to get a
better signal-to-noise ratio, it is difficult to determine the fully sat-
urated regime and maintain such saturation over the entire inter-
rogation volume.””® For TALIF measurements, the used laser
energy is in the quadratic regime where the TALIF intensity is pro-
portional to the square of the laser energy to avoid the conse-
quences of saturation effects described above. LIF signal intensities
can be reduced due to quenching of the excited state by the feed
gases, humidity, air, and molecular gases such as the ones used in
the microelectronics industry. A correction of the fluorescence
intensity due to the presence of such quenchers needs to be
accounted to obtain absolute densities.”® Resonant transitions
from the ground state are often not available for all atomic and
molecular species. Excitation from the metastable states of neutrals
and ions has been used as a proxy for ground state species by
assuming thermal equilibrium between the metastable and the
ground states. This allows to obtain useful information about
species velocities that are important for applications with plasma
flows such as ion sources and plasma thrusters.””””™®' The meta-
stables in a plasma are predominantly produced by the presence of

electrons with the appropriate energy. The absence of electrons
with such energy, quenching due to collisions, or ionization can
deplete or reduce the density of the metastable states below the
detection limit of LIF. Hence, the application of LIF for metastable
excitation may not be applicable to a wide variety of discharge
environments.

B. Implementation and instrumentation

The laser beam is focused on to the plasma and the fluores-
cence is typically detected perpendicular to the laser beam propaga-

tion by a detector [Fig. 1(b)]. The spatial resolution in LIF is ¢
limited by the focus size of the laser launch and the collection ¢

optics. The fluorescence from the region probed by the laser beam
is imaged onto the detector by using a lens. Using a PMT results in
a point measurement and the spatial distribution can be obtained
by using diaphragms and positioning the PMT to image different
regions of the laser beam. The wavelength of fluorescence is typi-
cally different from the laser excitation wavelength. However, fluo-
rescence detection at the same wavelength as the excitation
wavelength has also been reported.”” In such situations, fluores-
cence is detected with a certain delay after the laser beam. This
technique relies on the longer lifetime of the laser excited level than
the pulse width of the laser beam. When the laser excitation wave-
length is different from the fluorescence wavelength, an appropriate
narrow band-pass filter or a cut-off filter is installed in front of the
detector to transmit only the fluorescence onto the detector or
block the Rayleigh scattering of the laser beam. When a fluores-
cence spectrum is desired, the laser beam is imaged onto the
entrance slit of a monochromator that is coupled with an iCCD
camera or a PMT. The shaping of the laser beam into a sheet pro-
vides a two-dimensional distribution of the imaging species and
this technique is called planar laser-induced fluorescence
(PLIF).®”~° PLIF can provide the spatial distribution of nonunifor-
mities in the discharge with a single measurement [Fig. 1(b)].
Examples of the measured OH density using LIF and PLIF are
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FIG. 2. Examples of absolute OH density measured using (a) LIF of a pulsed dielectric barrier discharge [Reprinted with permission from Yatom and Dobrynin, J. Phys.
D: Appl. Phys. 55 (2022). Copyright 2022, IOP Publishing] and (b) PLIF of an RF plasma jet [Reprinted with permission from Kondeti et al., J. Vac. Sci. Technol. A 38

(2020). Copyright 2020, American Vacuum Society].

shown in Figs. 2(a) and 2(b). For obtaining time-resolved informa-
tion on the plasma-produced species in a pulsed plasma, a pulsed
laser is typically used. The temporal resolution is limited by the
pulse width of the laser beam. An example of the time-resolved
OH density measured in a pulsed plasma is shown in Fig. 2(a).
Nanosecond pulsed laser beams are a popular and a cost-effective
way for executing LIF, while the relatively more expensive picosec-
ond and femtosecond lasers have also been used for performing
LIE.°°"°® One-dimensional and two-dimensional distributions of
species have been reported using LIF/PLIF.

Depending on the application, different types of lasers have
been used to perform the LIF measurements. These include solid
state lasers, dye lasers, diode lasers, quantum cascade lasers, and
optical parametric oscillators (OPOs).”””" Diode lasers can have a
linewidth down to the fm range, while dye lasers typically have
linewidths in the pm range, and commercial OPO lasers have line-
widths in the range of tens to hundreds of pm. The narrow line-
width of diode lasers allows the accurate resolution of the narrow
spectral features of atomic, ionic, and molecular transitions. These
lasers can be applied to detect precise Doppler shifts in the transi-
tion. These shifts can be caused by velocity changes as small as tens
of m/s along the direction of the laser beam propagation (Sec. II F).
The inherent large linewidths of the dye lasers and the OPO lasers
compared to the diode lasers limit their application to measuring
only large Doppler shifts that are produced by very high ion or
atom velocities.”” The dye lasers and the OPO lasers offer the
ability to generate a broad range of wavelengths ranging from the
deep ultraviolet (DUV) to the infrared region. Solid state lasers,
diode lasers, and quantum cascade lasers often generate radiation
only in a narrow spectral region and do not have the versatility to
generate a broad range of wavelengths.

C. Calibration method for obtaining absolute density
for LIF

The LIF signal can be calibrated to obtain absolute densities of
the ground state species. The LIF signal can be described by the fol-
lowing equation:” """’

1
Ir = e
where 7z is the instrumental factor that is the product of
quantum efficiency of the detector, transmission of the optical
setup, and the solid angle of signal collection, h is the Planck’s
constant, c is the speed of light, 7. (x,y,z,t)(m > ) is the density of
the excited level, from which the fluorescent photons are emitted,
Aj is the fluorescence wavelength (m), and Ay is the Einstein coef-
ficient of the detected fluorescence transition (s~!). The unknown
parameters in this equation are 7;;z and 7,y This section describes
a method to calculate the ground state density n by using Rayleigh
scattering and a population kinetics model.

1. Rayleigh scattering

The experimental setup for implementing this calibration
method is similar to the experimental setup used for executing LIF
[Fig. 1(b)]. The plasma is turned off and the region of interest is
filled with a gas such as air. The spectral filter that was used for
LIF is removed and the laser beam is imaged on to the detector to
collect the Rayleigh scattering signal from air. If a monochromator
was used for LIF, the wavelength window of the monochromator is
adjusted to detect the Rayleigh scattering laser beam. The position
of the detector is not changed compared to the LIF setup to ensure

J (TILIF jll_c> Mexc (X, Vs 2, t)Aﬂ dx dy dz dt, (1)
fl
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that the solid angle of detection is the same as that for the LIF
measurements.
The Rayleigh scattering signal (Ix) can be described as

51,73-75

80’0
Iz = ngNy (879) E;Ax, (2)

where N, is the scattering particles’ density, Ej, is the laser pulse
energy, Ax is the detection volume length, 7, is the instrumental
factor for the wavelength of the Rayleigh scattering, and % is the
Rayleigh scattering differential cross section. The differential
Rayleigh scattering cross section depends on the polarization direc-
tion of the laser beam and the angle at which the scattering light is
collected. A convenient configuration is when the polarization of the
laser beam is perpendicular to the laser propagation direction and
the Rayleigh scattering collection is at an angle of 90° with respect to
the laser propagation direction and the polarization direction.
Assuming that the detector collects all polarizations of the scattered
beam, the differential Rayleigh scattering cross section is defined as’*

doy 30 2
0Q 8w (2+p,)

, 3)

where o is the total Rayleigh scattering cross section (m?) and p,, is
the ratio of the horizontal-to-vertical polarized light in an unpolar-
ized laser beam. The subscript 0 corresponds to the detection of
both horizontal and vertical polarization of the scattering. The values
of o and p,, for the commonly used scattering from air are tabulated
as functions of wavelength in the review by Miles et al.”* Calibration
using Rayleigh scattering is usually performed at a known pressure
and temperature. The scattering particles’ density can be obtained by
using the ideal gas law,

P
Nn :kB_T: (4)

where kg is the Boltzmann constant. To calculate the instrumental
factor, 7y in Eq. (2), the Rayleigh scattering intensity is measured for
several laser energies at a fixed pressure. The slope of the straight
line curve (o) is calculated by plotting the Rayleigh scattering inten-
sity (Ir) as a function of the product of the laser pulse energy, E;
and the pressure, P (Fig. 3),

_ I _ mbx (9o
“TPE kT (69)' ®)

The instrumental factor reduces to

OthT

MR = Togm -
(58)ax

(6)

The wavelength of the LIF signal is different from the laser
excitation wavelength. The instrumental factor depends on the effi-
ciency of the detector at the wavelength of detection. Hence, the
instrumental factor for LIF needs to be corrected for the detector
efficiency at the two different wavelengths. So, n;;r = 1z 2{, where
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FIG. 3. Example to determine the instrumental factor by Rayleigh scattering.
Experimental data have been adapted with permission from Yatom et al.,
Plasma Sources Sci. Technol. 32 (2023). Copyright 2023, IOP Publishing.

€rr and eg are the products of the transmission factor of optics
and the quantum efficiency of the detector at the LIF and Rayleigh
scattering wavelengths, respectively. This correction can be avoided
by setting the laser wavelength to the LIF wavelength for Rayleigh
scattering measurements. However, a large difference between the
LIF wavelength and the laser excitation wavelength for such a mea-
surement might shift the laser beam path, the energy density of the

focused laser beam can be different, and such a large wavelength ;

shift may not be in the tunable range of the laser being used.

2. Laser parameters and population kinetics model

Several parameters are required to be developed for the popu-
lation kinetics model and we define them_ here. The time evolution
of the laser irradiance [I1.(¢)] is defined as”"”*

1

ELF< )
1, =——L(1),
L(t) At (1) (7)

where I'") is the dimensionless one-photon overlap integral, Av; is
the laser linewidth (m™!), A; is the area of the laser beam at the
detection location (m?), and L(t) is a normalized function that
describes the temporal evolution of the laser pulse. Avy can be
obtained from the specifications sheet of the laser. A; can be mea-
sured by a laser camera. Assuming the beam profile of the laser
beam, it can also be calculated by measuring the residual laser
energy by traversing a knife edge at the measurement location. I,
can be measured by measuring the Rayleigh scattering intensity
with a short gate time at different delay times with respect to the
laser beam. The dimensionless one-photon overlap integral is
defined as’’
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o0
Pabs(V)PL(V) dV, (8)

—00

== = AVLJ

where P, is the absorption transition spectral profile (m) and
Pp(v) is the laser spectral profile (m). P, can be calculated by
measuring the absorption profile and accounting for the differ-
ent broadenings such as Van der Waals broadening and Doppler
broadening.‘;]’(’g’73 If available, P;(v) can be taken from docu-
mentation of the laser manufacturer. The laser linewidth can be
measured using methods such as heterodyne and etalon based
techniques.”®””

The LIF signal is related to the population density of the excited
state state species #qy. [Eq. (1)]. A population kinetics model is used
to deduce the ground state density. We illustrate a three-level model
here (Fig. 4); 4-, 5-, and 6-level models have also been imple-
mented””"">**"" together with models considering the full
vibrational-rotational levels.** Upon laser irradiation, several pro-
cesses occur that result in the measured LIF signal. These include
laser excitation from the ground state to the excited state, laser
de-excitation from the excited state to the ground state, spontaneous
relaxation from the excited state to any lower energy level, and colli-
sional quenching of the excited state. While there can be an addi-
tional source of production that can increase the density of these
different levels, it is usually accounted for by removing their contribu-
tion by taking a background signal. The background signal is mea-
sured by de-tuning the laser from the LIF transition or by turning off
the laser beam. The model assumes the level being measured to be in
a quasi-steady state, where the laser excitation and its subsequent
de-excitation is the most dominant process that results in the changes
of the population of these states. A set of time dependent differential
equations are solved to obtain the ground state density.*""">%%'

The time dependent differential equations for a three-level
model are described below,

dN;
d_tl = IL(t) (BZINng — BllefBl) + AN, (9)

FIG. 4. Three-level model of LIF. Aj;, spontaneous optical transitions, Bj,
laser-induced transitions, Q, collision induced transitions.
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dN.
= I (1) (BIZN]f); - 321N2f§) — Q;N,,

dt (10)

dN;
—— = A;N; — Q3N;,
a 23N3 — Q3N3

(11)
where Nj is the density of level i normalized to the ground state
species density n, I;(t) is as defined in Eq. (7), Bj is the Einstein B
coefficient from level i to level j (m]™!), Ajj is the Einstein A coeffi-
cient from level i to level j (m®s™!), fi is the temperature-
dependent Boltzmann factor of level i, i.e., the fraction of molecules
in level i, and Q; is the quenching rate of level i. The Einstein A
coefficient, the Einstein B coefficient, and the Boltzmann factor are
available from literature for several species.”* This information is
not readily available for all species of interest. The Einstein A coef-
ficient for atomic species is available from the NIST database,*
while it is available for several molecular species in the cited refer-
ences in the tables.”” The Einstein B coefficients are available for
well studied species in the references provided in the tables. The
Boltzmann factor needs to be calculated for the specific energy
levels involved in the transitions.””®” For the ground state and the
metastable level atomic species, the Boltzmann factor can be
assumed to be unity. However, for resonant atomic levels, the pop-
ulation of the resonant levels need not be larger than the other res-
onant levels involved in the transitions. For example, LIF can be
performed by exciting the Ar(ls;) and the Ar(1sy) resonant levels,
which are the ground states for the excitation of these species. The
validity of fz being taken as unity needs to carefully examined for
each case. Q, can be estimated by measuring the fluorescence
decay time constant after accounting for the collisions with differ-
ent species.”’ These equations are solved to obtain the ground state
density of the species.

A two-level population kinetics model is a simplification of :

the three-level population kinetics model. An analytical solution
exists for a two-level model under steady state conditions. In a two-
level model, the level N3 is ignored and the rate Eqs. (9) and (10)
are solved. Equation (1) reduces to the following:

Ay Q
Ay + Q4 (B + Bi) 47’

Irir = NiptaiBi2I1 (12)

where Ny, is the the sum of Ny and N,. When LIF is performed
with a low laser energy that follows the linear LIF regime,
(Ba1 + Bi2)I < Az + Qu, Eq. (12) reduces to the following:

Az] Q

Itir = NigtaBiolp ————.
LIF total D12 LA21 T Qan

(13)

The factor Az?j’le is often referred to as the fluorescence effi-
ciency, similar to the often used branching ratio in TALIF calcula-
tions [Eq. (16), see further]. This factor is small at high pressures
due to the increase in the contribution of quenching (Q,). For
quantitative measurements, it is important to have an estimate of
quenching. When the used laser energy is sufficiently high to be

under the saturated regime ((Bz; + Bi2)Ip > Az + Qy), Eq. (12)
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reduces to the following:

Ay Q

Iiir = NiotaiBr21L B & Bl dr°
21 12

(14)

Working in the saturation limit eliminates the LIF signal
dependence on laser energy and quenching. It simplifies the deduc-
tion of the densities. However, reaching the saturation limit
depends on quenching and it is often not straightforward to know
whether the saturation limit is reached. The steady state two-level
model is the simplest form of the population kinetics model and
provides an order of magnitude estimate of the density. Models
that consider more levels have been implemented for more accurate
estimates.

Verreycken et al.’”” compared a six-level population kinetics
model to a four-level population kinetics model. Both the models
gave similar densities of OH radicals in an atmospheric pressure
plasma jet. The assumption of infinitely fast rotational energy
transfer compared to quenching, emission, and vibrational energy
transfer in the four-level population kinetics model did not result
in a significant difference in the calculated density compared to the
6-level population kinetics model. They evaluated the effect of inac-
curacy in different parameters used in the calculation and reported
the main source of inaccuracy in the LIF calibration by Rayleigh
scattering that comes from the laser linewidth.

D. Other calibration methods

The LIF intensities can be calibrated using a known concen-
tration of the species being measured. Reference LIF signals from
stable gases such as NO have been used as a reference to calibrate
the fluorescence intensities to obtain absolute densities.”” Other
methods such as absorption spectroscopy have been used to obtain
the absolute densities and validate densities calculated by the popu-
lation kinetics models.””

E. Calibration using a known concentration of a gas
for TALIF

TALIF is a nonlinear two-photon excitation process.”” This
does not allow the use of Rayleigh scattering to calibrate the fluo-
rescence intensity to deduce the absolute density of the species dis-
cussed in Sec. II C 1. The experimental setup for TALIF calibration
is the same as the setup used for collecting the TALIF signal
[Fig. 1(b)]. In this method, a known concentration of a reference
gas is excited to a higher level using two-photon excitation by a
laser. The reference gas is chosen such that the two-photon excita-
tion wavelength of the reference gas is spectrally similar to the exci-
tation wavelength of the species whose absolute density needs to be
determined. The position of the detector for the TALIF of the mea-
sured species and the reference gas setup is the same. The TALIF
signal from the reference gas can be collected by using an appropri-
ate spectral filter or by setting a monochromator to transmit the
desired wavelength. The used laser energy is in the quadratic
regime for both the reference gas and the detection species to avoid
correction for the complicated saturation effects. The TALIF signal

ARTICLE pubs.aip.org/avs/jva

56,57,66

(Itapir) can be defined as

o@ar®n

I (15)

Irayr =T

where T is the instrumental factor, ¢ is the two-photon absorp-
tion cross section, hv is the photon energy, I'? is the dimension-
less two-photon overlap integral between the laser spectral profile
and the two-photon absorption profile’’, and n is the species
density. o is available for different species in the cited references
of the tables. The branching ratio (a) is defined as”°

Ak

=, 16
A,‘+quqnq ( )

a;

where the subscript g refers to the quenching species, Ay is the
spontaneous emission coefficient of the observed fluorescence line
from level i to level k, A; is the total spontaneous emission rate
from the excited level i, k, is the quenching coefficient, and n, is
the density of the quenching species assuming that the three-body
collisional quenching is negligible.”’

The dimensionless two-photon overlap integral is the
two-photon analog to the one-photon overlap integral defined
in Eq. (8). It is defined as”’

+00 o0
F<2>:AVLJ J Pops(2V)PL(V)PL(v) dv dv. (17)

—o00 J—o00

TALIF signals from both the reference gas (I;) and main
species (I,) are collected. The density of the main species
reduces to*°

T, 6® a, (hv,)\’L, T
N, =————— mIr oy

" T O'%) am, \ hv, I, ﬁi} r
where the subscripts m and r refer to the main species and the
reference gas, respectively.(wﬁ,st)

F. Laser-induced fluorescence for velocity distribution
functions

LIF is a crucial optical measurement technique for characteriz-
ing the flows and studying the kinetic processes in plasmas.”””*"’
LIF allows for the measurements of the VDF, which is essential for
understanding the thermodynamic state of a medium. This func-
tion allows us to derive important parameters such as the tempera-
ture, mean velocity, and the most probable velocity from the
fluorescence profile. Moreover, LIF can directly measure the electric
and magnetic fields in plasmas through the Stark™ and the
Zeeman effect”, respectively. It is also possible to indirectly deter-
mine the electric fields by analyzing the moments of the VDFs.”*
LIF utilizes the Doppler effect, where the absorption of light occurs
at a frequency shifted from the resonant transition frequency, a
shift that depends on the velocity of the moving atom or the ion.
Thus, it is sometimes referred to as the Doppler-shift LIF.

(18)
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FIG. 5. Schematic of the Doppler effect.

The LIF process consists of two steps, as illustrated in
Fig. 1(a). In the first step, the species in the plasma are often in the
excited state due to collisions with energetic electrons or other
species. These states, known as the metastable states, have long life-
times—up to seconds, compared to the fluorescence states. It is
important to note that when a metastable state is excited to deduce
the properties of the ground state species, an assumption about the
thermal equilibrium between this state and the ground or other
states of the probed species in the plasma is necessary. When a
laser beam is introduced, these excited atoms or ions absorb
photons and are further excited to a higher energy state. The selec-
tion of this transition is guided by rules based on various quantum
numbers’” and must be sufficiently populated to ensure a detect-
able signal.”® Plasma parameters, such as the electron temperature
and the electron density, influence the excitation rate and
de-excitation mechanisms such as quenching (e.g., collisions). To
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facilitate further excitation to a higher state, photon energy (wave-
length) of the laser must correspond precisely with the energy
required for a resonant transition. However, due to thermal or
directional motion of the probed species in the plasma, they per-
ceive the incoming laser light wavelength Doppler-shifted (see
Fig. 5). This requires tuning of the laser wavelength to the target
species moving at specific velocities.

In the second step of the process, the excited species emit light
through spontaneous emission, collisions, or stimulated emission,
transitioning to a lower energy state. This transition can be reso-
nant, in case if the species return to their initial energy state, and
nonresonant if decay leads to a different level. Non-resonant emis-
sion is typically utilized in Doppler-shift LIF diagnostics because it
allows the emitted wavelength to be easily distinguished from the
intense laser light. The intensity of the emitted light is directly pro-
portional to the number of species moving at the targeted velocity.
By measuring emissions at various excitation frequencies, one can
reconstruct the VDF, yielding detailed parameters of the ions or
the neutrals. A schematic of this process is shown in Fig. 6(a).
When the laser frequency is scanned across the Doppler broadened
absorption profile, the excited species then emit the fluorescence
light. This signal is detected by various methods described in
Sec. II F 3, and the profile of the VDF can be reconstructed
[Fig. 6(b)]. The doppler-shift LIF can be characterized with a
high spatial resolution of 100’s of um,” a temporal resolution of
10’s of us,”* """ and a spectral resolution, which in terms of velocity
translates to as low as a few m/s.'"'
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FIG. 6. Schematic of the LIF measurements. (a) Laser wavelength (/(v.)) is scanned across the Doppler broadened absorption profile (f(v)). (b) The recovered signal,
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1. Line shape

While Doppler broadening is the primary effect that allows us
to extract information about the shape of the VDF, it is crucial to
consider other mechanisms that might affect the measured line
shape profile. In this subsection, we will discuss several physical
mechanisms that contribute to the broadening of the line shape.
Typically, the profile is influenced by broadening mechanisms such
as hyperfine structure, isotopic splitting, Zeeman splitting, lifetime
broadening, or Stark broadening. It is crucial to note that the VDF
measurements are feasible only under conditions where pressure
broadening is not significant compared to the measured linewidth of
the LIF transition. This depends on the transition being probed
and the operating conditions, for example at a pressure < 10 Torr.'"”
The measured LIF profile, denoted as fi;z(vy), results from the con-
volution of the Doppler line shape with the effects of broadening
mechanisms and the laser intensity. This relationship can be repre-
sented mathematically as follows:

Sur(ve) < f(ve) ® ¢ (v) ® b, (vi), (19)
where f(vy) represents the amplitude of the Doppler line shape,
¢;(vy) is the laser intensity profile (typically negligible), and ¢,(vy)
includes all broadening mechanisms, and is referred to as the
Doppler-free line shape.

Doppler broadening arises from the thermal and directional
velocities of the species being probed. Consider a laser with a fre-
quency of v, and a wave-vector of k. For a moving particle with
velocity v, the shift in the laser frequency, Av in the species frame
is given by

A -k
o T (20)
Vi [

where c is the speed of light. The transition frequency v, at which
the particle absorbs the laser, then becomes

vT:vL—f—Aw:wL(l—E), (21)
c

where (vk) is the velocity component along k. This establishes a
direct correlation between the laser frequency and the particle
velocities, facilitating the measurement of the VDF. LIF diagnostics
involve scanning laser frequencies near the target transition and
recording the fluorescence. Each frequency corresponds to a veloc-
ity group (vx) of the species, allowing the velocity distribution to be
mapped as a function of the laser frequency,

Jur(vi) ~ F<1 XT >

Vi€

(22)

This approach provides a one-dimensional representation of the
VDF along the laser beam direction.

The broadening of the line shape due to the hyperfine struc-
ture of the energy levels and isotope splitting significantly impacts
the spectral profile. The hyperfine energy levels are determined by
the total angular momentum F, which results from the coupling
between the total electron angular momentum J and the nuclear
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spin I, represented as F = J 4 I. For example, among the nine iso-
topes of xenon, seven have zero nuclear spin due to an even
number of neutrons, and thus, do not contribute to hyperfine
structures, leaving only two isotopes that affect the line shape. This
complexity in the hyperfine structure'”’ can complicate spectral
analysis, especially since not all transitions have well-documented
hyperfine structures. However, the most probable velocities can be
discerned from the location of the LIF signal peak, which remains
unaffected by this broadening mechanism. This allows for the char-
acterization of flows and their variations. However, for a more
comprehensive analysis, it is important to know the hyperfine
structure and isotope splitting of the species.

The lifetime broadening mechanism is related to the
Heisenberg uncertainty principle, which posits that certain pairs of
physical properties, like position and momentum or energy (E) and
time (t), cannot be precisely measured simultaneously. This princi-
ple is mathematically expressed as

AEAt > h. (23)
The uncertainty in the photon energy, Aw, is influenced by the life-
time of the upper energy level, 7,. This relationship modifies the
line ]sg}ape into a Lorentzian function, as outlined in the litera-
ture,

b(v) = Av Av — 1

P E. (24)

For instance, for the metastable level 54[4], /2 of Xe I, the lifetime
ranges from 7 to 9ns. The resultant broadening is significantly
smaller by one or two orders of magnitude than that caused by
Doppler broadening, and thus, can generally be neglected in
analysis.

Two other mechanisms responsible for spectral line splitting

are the Stark and the Zeeman effects. The Stark effect involves line
splitting due to the strong electric fields, which can induce addi-
tional angular momentum between the nucleus and the electron
cloud. However, the electric fields must be considerably strong to
have a measurable impact. For instance, it was demonstrated that
the Stark effect is negligible under typical plasma experimental con-
ditions due to the field strengths involved.'’” On the other hand,
the Zeeman effect, which results from the influence of the magnetic
fields, is more significant and can substantially alter the LIF line
shape.'”” This effect allows for the simulation of the spectral line
splitting and the deduction of local magnetic field values, providing
valuable insights into the magnetic environment within the plasma.

2. Laser systems

A tunable laser is essential for scanning the absorption profile
in LIF experiments. It is important to distinguish between the con-
tinuous and the pulsed modes of the laser operation.”””’
Continuous wave (CW) lasers, such as laser diodes, have extremely
narrow bandwidths, typically in the femtometer range or below.
They allow for the direct observation of the species’ VDF in the LIF
measurements. Pulsed lasers, in contrast, are broader in their line-
width and deliver a large amount of energy per pulse, with pulse
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widths as short as a few femtoseconds, making them more suitable
for time-resolved measurements.

The measurable VDFs vary with the type of the laser: diode
lasers measure in the range of tens of m/s, while dye lasers and
OPOs can detect velocities up to a few km/s and tens of km/s,
respectively. As an example, the dependence of the laser linewidth
(A1) in pm on the ion velocity for argon and xenon ions has been
shown in Fig. 7. Diode lasers are particularly effective for measur-
ing the profiles of the velocity distributions, whereas dye and OPO
lasers are better suited for detecting velocity drifts in systems with
high-energy flows. However, it is important to note that in the case
of high-resolution measurements, the limiting factor is usually a
resolution of the measurement system that detects the current laser
wavelength, e.g., a wavemeter.

CW diode lasers are commonly used in Doppler-shift based
LIF, especially for noble gases. They offer wide tunability (up to
10nm, depending on the design) and very narrow linewidth.
Additionally, they facilitate various high-frequency laser light modu-
lations, such as amplitude and wavelength (or frequency) modula-
tions, which are crucial for implementing detection methods based
on homodyne,'*® heterodyne,* or photon counting principles.'””>'"”

3. Optical setup

The typical optical setup for the Doppler LIF measurements
can be divided into two main components: the laser launch branch
and the detection branch, as illustrated in Figs. 8(a) and 8(b). The

—Ar

Vi, km/s

1

60

O i e
0 20 40
A\, pm

80

FIG. 7. Detectable argon and xenon ion velocities V; as a function of the laser
linewidth, AZ. The wavelengths considered for the excitation of the Ar and Xe
ions are 667 and 834 nm, respectively.
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laser launch branch consists of optical elements tasked with beam
conditioning, directing, light modulation, and the measurement of
the laser power and the laser wavelength. The beam conditioning
involves a series of mirrors and lenses that direct and focus the
laser beam into the interrogation volume. Optical fibers may also
be used to transport the laser beam. In some setups, the laser beam
is shaped into a laser sheet for planar LIF measurements.'”” The
laser wavelength is controlled using a calibrated wavemeter.
Additionally, a Fabry-Pérot interferometer can be employed to
monitor the quality of the laser mode in real-time and to detect
any mode hops. The power of the beam is typically monitored con-
tinuously with a photodiode. The modulation of the laser wave-
length or amplitude is an essential aspect of the setup. Amplitude
modulation can be achieved using mechanical choppers, acousto-
optic modulators (AOMs), or electro-optic modulators (EOMs).
Wavelength modulation can be performed by modulating the laser
diode current, which not only allows for high-frequency modula-
tion but also results in amplitude modulation, or by using the
piezo-driven modulation, which supports lower-frequency modula-
tions without affecting the laser amplitude. Wavelength modulation
is particularly useful for implementing the derivative spectroscopy
techniques.' """

The detection branch of the optical setup consists of a collect-
ing lens that directs light through a series of lenses and a spatial
filter (pinhole) into the detector. This lens is typically positioned so
that its optical axis is perpendicular to the laser beam’s wavevector,
which enhances spatial resolution. The collected light is filtered
around the fluorescence wavelength, either by a narrow bandpass
filter or by a monochromator. Various detectors such as a photo-
multiplier tube (PMT), a photodiode, or a CCD camera can be
used depending on the measurement requirements. For point mea-
surements, a PMT is preferred due to its high sensitivity. A CCD

camera is more suitable for planar LIF measurements. Additionally,
the detection branch can be mounted on a movable stage, allowing §

measurements along the laser beam and enabling the acquisition of
1D distributions of parameters such as velocity and temperature.

Signal processing for the LIF measurements can be performed
in various ways to achieve either time-averaged or time-resolved
information. A lock-in amplifier, synchronized with the laser mod-
ulation frequency, is commonly used. For more advanced tech-
niques, utilizing beating frequencies help in the extraction of
time-resolved information effectively. The photon-counting tech-
nique is also widely employed for this purpose. When the laser
wavelength is modulated, the use of a lock-in amplifier to extract
higher harmonics facilitates the derivation of the VDF profile. This
technique provides a more sensitive analysis of the true VDF
shape, particularly in cases of complex signals that deviate from a
Maxwellian distribution. When single-photon counting method is
used, a multichannel scaler can also be used to count the signal
pulses.''” The signal measured during each laser pulse period can
be accumulated to measure the fluorescence waveforms.

The placement of the detection branch perpendicular to the
laser beam typically necessitates at least two optical ports in the
plasma chamber: one for the entry of the laser and another for col-
lecting the LIF signal. However, modern industrial-scale plasma
reactors are fully enclosed to ensure uniform processing of the
materials and having more than one viewport can disrupt the
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FIG. 8. Generalized LIF setup. (a) Laser launch brunch, BS1,2 are beam splitters, and M1,2 are mirrors. (b) Detection branch. “Optics” can represent various combinations of

lenses arranged to collect fluorescent light.

plasma processes and alter the processing of the material
Additionally, space constraints often limit access to only one loca-
tion around a plasma reactor. In such cases, confocal LIF is a suit-
able alternative. This technique allows both the input laser beam
and the collected LIF signal to pass through the same axis into the
plasma discharge, minimizing the need for multiple ports.
Originally widespread in the fields of biology and medicine,''” con-
focal LIF has been adapted for TALIF and single LIF measurements
across various scenarios. 7' Recently, this method has been
enhanced with structured laser light, specifically Laguerre-
Gaussian beams, to improve the signal-to-noise ratio. This modifi-
cation has been successfully implemented on a plasma source to
measure the velocity of argon ions.''*

lll. LIF/TALIF REFERENCE DATA

The microelectronics industry and sustainability applica-
tions use a combination of a wide variety of precursor gases such
as CH4, CF4, CHze, CHF3, C2F4, C3F6, C4F6, C4F8, NF3, HBI',
Cly, COS, SFs, H,, Oz, H,O, N, He, and Ar, among others to
generate the plasma.”®''”™'** It results in the generation of a
combination of a wide variety of ions, radicals, and metastable
species that play different roles in the overall chemical process.
The LIF/TALIF transitions to detect such species should be care-
fully selected such that there is no overlap in the excitation and
fluorescence wavelengths of the species of interest with other
species present in the detection volume. There are several species
that have coincident excitation and fluorescence wavelengths.
Depending on the species present in the interrogation volume,
the excitation and fluorescence wavelengths should be carefully
examined to determine if a spectral filter or a monochromator is

required for collecting fluorescence. While using a spectral filter
for collecting fluorescence often provides a higher optical effi-
ciency, the presence of overlapping fluorescence might necessi-
tate the use of a monochromator to obtain the wavelength of the
fluorescence and differentiate between the interfering species.
For example, in an industrial scale silicon etching CCP discharge

with argon and oxygen admixture, we found that both the excita- ¢
tion and the fluorescence wavelengths of O ions and SiO radi- ¢

cals coincide with one another inhibiting the differentiation
between the two species even with the use of a monochromator.
This reference data is intended to assist in the selection of the
LIF/TALIF transitions that do not overlap with other species
present in the interrogation volume. Some groups of species with
overlapping excitation and fluorescence wavelengths that may
not be differentiable by the use of a 10 nm (FWHM) spectral
filter are listed in Table I.

A complied list of the available LIF/TALIF transitions for
atomic, molecular, ionic, and metastable species relevant to the
microelectronics industry and sustainability applications are shown
in Tables II-V. Several of these transitions were studied a few
decades ago when the availability and the use of equipment such as
an iCCD camera or a monochromator were unavailable. When the
transition/fluorescence ~ information =~ was  unavailable, a
“not-reported” (NR) indication was mentioned in the tables.
Certain neutral molecules cannot be detected by excitation from
the ground state and require the presence of higher vibrational
states for their detection. They have been marked in the tables.
While we have put efforts into reporting all the relevant species
that have been reported in the literature, it is possible that the
reported tables inadvertently omitted the relevant species/transi-
tions that have been previously reported.
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TABLE I. Overlapping laser-induced fluorescence transitions. t1: Laser excitation is from a vibrationally/rotationally excited state of a neutral gas molecule.

Sl. No.  Species Transition Excitation (nm) Fluorescence (nm) Reference
1 NO A’ -XP1I 226-227 248 88, 133, and 134
olf B, - X%, 223-226 240-440 135
05 XZH A, 225-227 245 136
SiO A 12 X's 220-237 214-350 48,137, and 138
2 CH;0 A’A, - X°E 270-330 300-400 139-143
OH X-A 280-286 304-314 73, 75, and 144
Ti D123 'Fs, °F3, °G3—"F, 34 221-296 250-341 145
3 CH;0 A%A,-X?E 270-330 300-400 139-143
SiCl B’ -X1I 275, 295, 308 280, 320, 290-307 146 and 147
SiF X-B 288 308-315 148
Ti ’D1os 'Fa °Fs, °Gs - *Fasy 221-296 250-341 145
w 5d6s2 5D0 5d5 *D6s? 287.9 302.5 149 and 150
4 CF;0 A’A, - X E 332-352 355-400 151 and 152
CN, 0, - 32 An-Xs 327-336 330-440 153-155
C,H;0 Ba' - ~2A” 330-350 340-420 156-158
C,Hs0 A- 310-350 340-430 139, 140, and 159
HC,0 XA - 2A” 310-360 350-460 160
NH A’ - X33 303-305, 329-336 330-345 62 and 161-163
N,O* Azt - X, 337-356 312-345 164
SH 22* l'[3/12 2 323-330 320-362 165-167
5 CH,O A'A, - XA, 352-357 380-550 168 and 169
CN B’X - X% 356.5, 381-388.5, 565-610 388.8, 389.5 63 and 170-172
6 C,H;S A-X 390-450 420-580 173
CsH,S A-X 395-430 420-520 174 .
SiN B*’X-X’x 396 414 175 e
7 C,H:S A-X 390-450 420-580 173 8
CH,S A-X 395-430 420-520 174 g
Ny B2 Xl - X°5f 391 428 43 8
3 CZHSS A-X 390-450 420-580 173 X
C;H,S A-X 395-430 420-520 174 e
cs; X2~l;[3,% - @jn”m 427-476 460-550 176 £
HGC,S, BA -XA 435-458 458-530 177
HSiF AlA” - XA 430, 446.5 425-530 178 and 179
9 Bry I, X21'I 472.7 480-640 180
CuSH AA XA 472-515 480-506 181
Na, BIL, - XI%f 465.7-514.5 470-540 182
10 NO; BE - XA, 500-680 464-662 183 and 184
RuO [18.1]4 - X°A, 529.5-531 463-503 185
11 BO, AL, - X710, 579-583 538-554, 571-587, 611-627, 630-646 186
Br, By, X12+ 548-595 618-621, 714-1110 187 and 188
12 CH, b;B1 - ;Al 589-595 635-651 189
C,0 ATl - )512; 588-685 650-780 190
HNO AA -XA 623-626, 641.6-643 685-780 191-193
NH, A A - XBy 571-662.2 516-824 194-196
13 SiCCl A st X 550-615 545-650 197
SiCF 4zz+ - ):(jn 574-604 547-596 198
14 SiCCl ATt -oXNI 550-615 545-650 197
TiC I - Xzt 606.9-608.3 538-603 199
15 CH, b lB1 a lA1 589-595 635-651 189
C,0 A I, - X hom 588-685 650-780 190
16 C,0 4111” )512; 588-685 650-780 190
HNO AA-XA 623-626, 641.6-643 685-780 191-193
17 C,P 27, - X1, 596-633 556-627 200
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TABLE I. (Continued.)

ARTICLE

pubs.aip.org/avs/jva

Sl. No.  Species Transition Excitation (nm) Fluorescence (nm) Reference
C,S A IT; - X H_ 675-690, 604-614 553-614 201
HBF A A” IT - X A/ 602-666 535-628 202
SiCl;0 A A - X E 590-650 617-653 203
SiCsH A Z* X I1; 613-681 578-663 204

TABLE |II. Laser-induced fluorescence transitions of neutral molecular species. NR: not reported, $: absolute density reported, 11: Laser excitation is from a vibrationally/rota-

tionally excited state of a neutral gas molecule.

SL.
No. Species Transition Excitation (nm) Fluorescence (nm) Reference
1 AlO B - X°%F 464-470 507-519 205-207
AlS A’TT - Xr 418-430 440 208
3 As, Alzh - Xzt 240-241 275-305 209-211
A'E} - XI5 248 289.3 210
4 BC B - X' 557.4-559.2 596.9 212 and 213
EI - X*2~ 290.9-291.5 NR 213
5 BCl AT - X'IT* 272 278 214
6 BH AT -XIT 396 429-434 215 and 216
7 BH, A'B,(IT,) - XA, 727.2-742.4 NR 217
8 BO AT - X2 313.5-316.5, 422-428, 434.5 NR 218 and 219
9 BO, AL, - X°T0, 434-4343 NR 218
NR 545.6, 547.1 574-586 220
AL, - XTI, 579-583 538-554, 571-587, 611-627, 630 186
. . 646
10 BS, A'TI, - XTI, 530-760 424-486 221
11 Br, B? 1'[0+u - X12; 548-595 618-621, 714-1110 187 and 188
12 c-C¢H, A Az - Xl B, 549.5-549.9 NR 222
13 CBr, A'B, - X'A, 561-575 588-672 223 and 224
14 CCl A’A - X711 278 NR 225 and 226
15 CCl, A'B, - X'A; 416-556 391-500, >580 227-232
16 CCLS B-X 274-297 NR 233
17 CF! AT -XM 223.8 230.6 234 and 235
18 CF} A= X 260-276 260-390 235-238
19 CF;0 A A, - 332-352 355-400 151 and 152
20 CF;S A’A, - X E3/2 373.8-374, 377.7-377.8, 365.8- NR 151
366
21 CFBr AA -X A 422.6-424.8 416-556 239 and 240
22 CECl A-X 363.3, 367.3, 372.7, 378.3, 384 330-395 227,231, and
241
23 CH? A*A-X*TI 431 489 242
A*A-XTI 427.9-428.1, 435.4-435.8 485 87 and 243
B -XI 363.3-363.6, 387-388 385-415, 423-435, 443-460 243-245
24 CHF AVA - XTA 492-493, 514.5, 574-582 515-521, 550-570, 600-620, 650— 246-252
670
25 CH, b 1B1 -a 1A1 589-595 635-651 189
26 CH,O A'A, - X'A, 352-357 380-550 168 and 169
27 CH;0 A’A, - X°E 270-330 300-400 139-143
LB-X 357-376 316-375 253
28 CH,S A'A, - X'E 364-378 370-500 254 and 255
29 CN B’ -X°% 356.5, 381-388.5, 565-610 388.8, 389.5 63 and 170-172
30 CN, ML -3, AT -X'2 327-336 330-440 153-155
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TABLE II. (Continued.)

ARTICLE

pubs.aip.org/avs/jva

S
No. Species Transition Excitation (nm) Fluorescence (nm) Reference
31 cot Bz -X'z* 2 x 230.1 484 256 and 257
32 CO, (00° o) (10°1) 2005, 2700 4260-4270 258 and 259
33 CS AT - XiE* 257.5-258.3 250-290 260-262
34 CS, YIIBZ,, -X 12; 280-338 370, 380, 403.7 263-266
35 CuSH AA -XA 472-515 480-506 181
36 Cu, AlZF - X!sh 490.27 495-499 65
B! H Xlzgr 449.8 460.7 267
37 c Fr-a'1 516 563 86
d-a 470 425-438 87 and 268
A'TL, X12g+ 690.9 790.8 269-271
&’ - 2’1, 516.5 559 269 and 272
38 C,H, A- 225-235 250-360 273
39 C,H;0 BZ~A ~XA 330-350 340-420 156-158
40 C,H;S B-XA 458.2-458.5 464-531 274
41 C,H50 A-X 310-350 340-430 139, 140, and
159
42 C,HsS . A- g?z 390-450 420-580 173
BA -XA 397-427 352-425 275
43 C,N AA-XT 465.8, 470-471.5 466-580 276 and 277
44 C,0 ATl - X3 588-685 650-780 190
45 C,P ~23Ai - XTI, 596-633 556-627 200
46 C,S AT - XTI 675-690, 604-614 553-614 201
47 Gyt A'll, - X'ZF 405.3 398-411 278 o
A-X 425-430 405 87 o
48 C;H,S ,A-X 395-430 420-520 174 3
49 CsN BI; - )g22+ 343-350 284-336 279 g
50 CH B ;* - {(22+ 400-416.7 > 420 280 8
51 FCO ATI-X A 307-345 333-477 281 S
52 GaCl ATI) - X3 332-346 364 210 £
53 HBF A'A"TI - XA’ 602-666 535-628 202 S
54 HBr M - X's* 115.2-116.2 NR 282
55 HCBr A- X2§ 560-561.3 468-528 224
56 HCI \ED & 115.7-115.9 NR 282
57 HCO 2A -2A 613-618 638-664 283
58 HC,0 XA A 310-360 350-460 160
59 HGC,S, BA -XA 435-458 458-530 177
60 HC,S ATl - XT3, 487-501 426-488 284 and 285
61 HC4S /s - {1}3,2 572-590 NR 286
62 HNO AA XA 623-626, 641.6-643 685-780 191-193
63 HSiBr AN -XA! 458-503 NR 287
64 HSiCl AN —XA 444-485, 538-550 471, 483, 489, 503, 524 288-290
65 HSIF A 1A” - )gllA’ 430, 446.5 425-530 178 and 179
66 HSIiNC 41A -X A 499.75-502 428.2, 444.3, 461.9, 480.6 291
67 HSIiNCO AA -XA 490-492 379.6-477.51 292
68 HSO A-X 539-540, 585, 600-615, 625 > 665 191 and
645 293-295
69 HSnCl A'A -X'A 455-500 389-482 296
70 Hﬁ E,FlxF - Xlzg 2 x 193.3 750, 830 297
H) DRSS 106.2-106.7 NR 298-300
71 InCl AT - X z* B3H X'zt 340-360 363.7 210
72 10 AL, - XI5, 435-468 500-600 301 and 302
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TABLE II. (Continued.)

ARTICLE
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SI.
No. Species Transition Excitation (nm) Fluorescence (nm) Reference
73 L BITg, - Xlzg 501.7, 514.5 515-830 303-305
74 KH ATV - X'z 502.4-504 548.5-557.5 306
75 K, BT, - Xlzg+ 632.8 633-650 307
c'i, - Xlzg 420-435, 457.9 420-475, 550-580 308 and 309
76 NaK DI - X'z 476-529 1052-2500 310
77 Na, B'TL, - X'%; 465.7-514.5 470-540 182
78 NCO A-X 420-440 465 194
79 NGC;0 3 2% 365.7-365.9 329-365 311
L, - 365.6-365.8 329-365 311
80 NC5S ATl - XT3, 463.9-464.1 408-455 312
81 NF VE-X%~ 530 528.9 313
82 NH AT - X3 303-305, 329-336 330-345 62 and 161-163
83 NH, AA -X'B, 571-662.2 516-824 194-196
84 NH, . Xx-c 2 x 305 550-575, 720 314
85 N3 A23 - X My, 2719 271.1-272.8 315
86 NO ¥ A’T " -XPT 226-227 248 88, 133 and 134
D’ -XII 193 196-226 316
NO ff Cr -X1 193 208 316
87 NO, XA -4'B, 434.9, 430.6, 435.1 638-663 317
88 NO; BE -XA, 500-680 464-662 183 and 184
89 NS Tt - X1 230-232 236-238 318
NR 300-310, 360-370 NR 319
90 0, ff B’E, - X%, 223-226 240-440 135 o
91 OH? X-A 280-286 304-314 73, 75, and 144 §
92 PbF A’ES, - XiL 260-285 NR 320 and 321 g
B2EY - X711, 426-450 435-500, 700-800, 12001300 322 g
93 P, ., NR 193 3222 210 8
94 PH, A°A, - X'B, 419-547 430-555 323-325 S
95 PO B’X* - CI 324 NR 326 £
A’TY - XL, 245.6-246.6 239-279, 319-359 327 S
AZEY - X715, 247-247.8 239-279, 319-359 327
9 RuB [18.4]2.5-X?As), 522-524, 542-543 NR 328
97 RuC [18.1]'I1, - X'ITH, [5.7]'A, 431-439, 552.9 553, 806 329
98 RuCl 55 - Xy 508-557 499-546 185
Ybys - X'pas 426-569 430-442
99 RuF [18.2]'Tys - X*¢s5 450-452 410-441 185
545-548 470-533
758-764 697-732
100 RuN (0,0)F°L* - X°%* 529.6-532 NR 330
101 RuO [18.1]4 - X°A, 529.5-531 463-503 185
102 SH A § A 323-330 320-362 165-167
103 SiBr ;3222 - ng[, 308 296-304 147 and 331
104 SiCCl Azz+ -Xn 550-615 545-650 197
105 SiCF A ho X 574-604 547-596 198
106 SiCH ATt - XIL 650-680, 700-740 NR 332
107 SiCl Bf T - le ul 275, 295, 308 280, 320, 290-307 146 and 147
108 SiCl, AB -X A 309-333 331-390 333
109 SiCL,O AA -XE 590-650 617-653 203
110 SiC;H ATt XTI 613-681 578-663 204
111 SiF X-B 288 308-315 148
112 SiF, X-A 2216 234-244 148
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Sl.
No. Species Transition Excitation (nm) Fluorescence (nm) Reference
113 SiH A A - XTI 409-416 413 45 and 334-336
114 SiH, AB-X'A 579.2-580.4 618 337-339
115 SiN B?¥x-X2%x 396 414 175
116 SiO Alz-X'z 220-237 214-350 48,137, and 138
117 SO NR 248.1, 248.7 250-450 340
118 SO, NR 248.1, 248.7 250-450 340
X('A,) - C('B,), B('B,), 266 250-350 341
A('Ay)
119 S B, - X% 325, 337 310-410 342
120 S,0 CA-XA 340 NR 191 and 343
121 TaC [18.61]°I15/, - X°Z*, NR 537.1-537.8, 505.2 401-509 344
122 TiC - xX°s* 606.9-608.3 538-603 199
T -a's" 619.8-621.6 NR
T-b's* 690.4-691.5 NR
- 'zt 664.5-665.5 NR
123 TiF [37.8]*® - X*® 250.9-255.4 NR 345
‘A - X' 249.5-250.1 NR 345
TABLE Ill. Laser-induced fluorescence transitions of neutral atomic species. NR, not reported. {: Absolute density reported.
SI. No. Species Transition Excitation (nm) Fluorescence (nm) Reference
1 Al ’PY,, - *Dsy2 309.3 394.4, 396.2 346 8
32Dy, — 4%S1)2 394.4 396.2 347 ]
2 As 45 S5, — 55 *Ps)5 193.8 245 348 g
B 28°2p °PY ), - 25%3s %S, 2497, 249.8 209, 206.7 349 8
2s2p °PY,, - 252p® *Dsn 502 208.96 208.96 350 X
4 Br 4p’ %g ,-5p'SY, 2 x 252.59 635 351 g
5 C 2p3p P - 2p> °P 2 x 280 910 352 £
6 cr¥ 3p°P° - 4p*s° 2 x 2332 725-775 47,353, and 354
7 Cr! 3d°4p’P; - 3d°4s7S; 4254 427.5, 429 355
8 Cut 45’8y, — 4p’PY 3248 510.6, 570 356 and 357
9 F 2p° 2P’ - 3p 250 170 776 46
10 Fe ? 3d%4s%a °D, - 3d"(*F)4p y °F 296.7 373.5 358
3d°4s%a °D, - 3d’(*F)4p y °D)) 302.06 382.04 359
3d%*F4s4pP° - 3d°45> 225.15 248, 268, 300 360
11 Ga 4°Dy), — 4°P1)p, 5%S1 — 4°Ps)s 287.4, 403.3 294.4, 417.2 361
12 H! 1s*S - 3d °D 2 % 205 656.3 66
13 I 5p° 2p% - 2p° 2 x 304.7 178.3 362
14 Krt 4p® 'S, - 5p'[3/2], 2 x 204.1 587, 826.3 66
15 Nt 2p® *8° - 3p ‘D° 2 x 206.6 870, 822, 744 66
16 Na f NR 2 % 685 818 363
P11 Papp - S0 589 NR 364 and 365
17 o' 2p*°P - 3p°P 2 x 225.7 844.9, 777 66
18 Pb 6s°6p> *Py — 65°6p(2PY ;)7s 3PY 283.31 405.78 366
19 S 3p*°P - 4p °P 2 x 288 VUV 367
20 Si 3p® *Py — 4s °PY 251.4 252.8 368
21 Tit 3d, 4s4p - 3d, 4s,(’F;) 3223 511.3 369
D123 'Fa, °F3, °Gs - *Fas4 221-296 250-341 145
22 w i 5d*s> °D, - 5d° *D6s! 287.9 302.5 149 and 150
23 Xe ! 5p® 'S, - 7p[3/2], 2 %2255 462.6 66
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TABLE IV. Laser-induced fluorescence transitions of the metastable and ground states of ionic species.

pubs.aip.org/avs/jva

SI. No. Species Transition Excitation (nm) Fluorescence (nm) Reference
1 Ar*” 3d* Fo, - 4p4 Fsp 664.4 434.8 370
3d* 1:7,2 - 4p* Dy, 668.6 4427 102, 371-374, and 374-377
4p Ds,, — 4s° P3,2 488 422.8 90
p ‘Y, - 3d 2Goyn 611.7 461.1 378
2 Bry rf 472.7 480-640 180
3 ar 5P3 - 5D0 542.3 479.5 379
4 Cly X211, - Azl'Ii 387.6 396 380
5 CSy X5, - ATl 427-476 460-550 176
A’TL-XCTI, 410-480 507.7 381
6 C.Sy My - 113/2 542.5-543 555-695 382
7 I SD% P, 696.1 516.3 383
8 Kr** 4d*F,, - 820.3 462.9 384
5d*F,,, - 729 473.9 385
9 La*" 5d6s a’D; - 5d6p y’ D) 403.2 379.1 386
10 N7 B’ XS - X°Ef 391 428 43
330 458.8 387
11 N,O* A'st - X, 337-356 312-345 164
12 05 XTI, - A’TI, 225-227 245 136
13 slo+ B22+ x22+ 385 383-385 388
14 Ti* 3d, 4p(z*G2 2 - 3d2 4s(a’F3) 338.4 486.6 369
15 Xe" sd“F:-,,2 - 6p D5,2 834.7 541.9 59
6p*P?, - 5d'Dy) 605.1 529.2 389 and 390
6p4D5 1 - 5d'F,), 680.6 4922 44
IV. SUMMARY development of the predictive capabilities of plasma-material inter-

Laser-induced fluorescence provides both spatial and tempo-
rally resolved characteristics of the neutral species, plasma-produced
radicals, ions, and metastables. It is a useful tool that enables the
direct measurement of densities, ion velocities, and temperatures.
LIF can help in the validation of simulation models and help in the

actions. In this report, we have reviewed the basic principles of LIF,
the widely used types of LIF setups, and compiled a list of the avail-
able transitions to generate a reference data for the laser-induced

¥:€1:02 $20¢ J8quisdeq £0

fluorescence transitions relevant in the microelectronics industry &
and the sustainability applications. We have identified the groups of

TABLE V. Laser-induced fluorescence transitions of neutral metastable species. !: Absolute density reported.

SI. No. Species Transition Excitation (nm) Fluorescence (nm) Reference
1 Art? 3p°Py), - 4p°Dspp 696.7 826.7 51 and 101
3p°Sy)> — 4p°P1jn 772.6 810.6, 826.7 391
Iss - 2po 811.5, 810.4 811.5, 772.6 392
1s, - 2ps 841.1 706.9 393
1s, - 2ps 842.5 842.5, 801.7 394
3d* F(m) 4p4D(3/2) 667.9 750.6 376 and 377
2 F* 53/2 P, 690.3 677.4 395
3 He* 2°S 388.9 706.5, 587.6 396
2's - 3'p 501.6 667.8 396
4 He*, °Th - &%) 2 x 940 640 397
5 Kr* 5s[3/219 - 5p[3/2], 760.2 819 398 and 399
5s[3/2], - 5p[5/2], 810.44 877.6 398
6 N,* 8 A’ - BT 687.44, 618 762, 676 400 and 401
7 p* 3s%3p° 2P? 1232 " 3s23p2g(3P)4s Py 253.4, 253.6 213.6, 213.6 402 and 403
8 Xe* L[1/2] - 6p°[3/2]° 834.7 4734 59 and 404
6s[3/2]° 6p[3/2], 823.2 823.2 404 and 405
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species with overlapping LIF/TALIF excitations and fluorescence
wavelengths. This compilation intends to assist in the identification
of the possible species that can be detected by a LIF/TALIF interro-
gation volume. With the emergence of the use of new recipes for
microelectronics and sustainability applications,*” there is a need to
explore previously unstudied species and LIF transitions that have
not been previously explored. A central database with the required
transition parameters for diagnostics such as LIF and absorption
spectroscopy would be of immense value to the scientific commu-
nity and these industrial applications.
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