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ABSTRACT

Kinetics of ion and neutral atom emission features were compared for nanosecond laser-produced plasmas generated from several metal
targets (i.e., Al, Ti, Zr, Nb, Ta) and an alloy containing all of these as principal alloying elements. Plasmas were produced by focusing 6 ns,
1064 nm pulses from an Nd:YAG laser on the targets of interest in a vacuum. A Faraday cup was used for collecting ion temporal features
while spatially and temporally resolved emission spectroscopy was used for measuring the optical time of flight of various neutral atomic
transitions. Our results highlight that most probable ion and atom velocities decay with increasing atomic mass. Trends for ions from the
alloy target represent a weighted average where all ions contribute. For both ions and atoms, velocities decrease with increasing heat of vapor-
ization and melting temperature, consistent with the thermal mechanisms that contribute to nanosecond laser ablation. Kinetic energies for
neutral atoms from pure metal targets have some variability with atomic mass, whereas kinetic energies for atoms from the alloy target are
more similar. These more similar kinetic energies observed for neutral atoms in the multi-element plasma may be attributed to collisions
between species from all elements in the Knudsen layer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0146958

I. INTRODUCTION

Laser-produced plasmas (LPPs) are used in numerous applica-
tions, including light sources, machining, material processing, thin-
film deposition, elemental analysis, particle generation, and remote
sensing.' ' One of the key advantages of LPPs is the large parametric

Plasma diagnostics play a central role in understanding funda-
mental properties of LPPs."” For instance, the kinetic distribution of
electrons and ions emanating from an LPP source is regularly mea-
sured using Faraday cups and Langmuir probes.” '’ Faraday cups
have been used to analyze ions in LPPs since the 1970s'>"* and are a
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space available for fine tuning the LPP properties for different applica-
tions. Typically, high-density and low-temperature (=1 eV) LPPs are
used for analytical applications (e.g., laser-induced breakdown spec-
troscopy or LIBS’) where atomic spectral emission features are used
for elemental detection and quantification. In contrast, low-density
and high-temperature plasmas (=30 eV) are preferred for light sources
for extreme ultraviolet (EUV) lithography.® Plasmas with such a wide
range of physical properties are generated by optimizing LPP parame-
ters that are monitored using various plasma diagnostics.

well-known device for measuring absolute ion beam intensities and
their kinetics. Hence, Faraday cups are used as ion collectors in laser
ablation (LA)-based mass spectroscopy analytical instrumentation."”
In addition, optical emission spectroscopy (OES) is one of the most
commonly used methods among all plasma diagnostic tools because
of its passive nature and experimental simplicity." Spatially and tem-
porally resolved OES is a useful method for studying the kinetics of
emitting species in LPPs."”' Optical time of flight (OTOF) is also a
useful tool for understanding the kinetics of the excited population of
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ionic (charged) species'” in addition to atomic and molecular (neutral)
species in the plume.'”"?

Nanosecond (ns) duration lasers are regularly used for producing
plasmas where thermal processes are dominant due to the relatively
long duration of the laser pulse compared to characteristic energy
transfer (electrons to ions) and heat conduction times. Previous results
highlighted that the ion emission from a metal target showed a conical
feature due to a preferential emission along the target normal direc-
tion."” Other studies showed that the angular distribution of ions fol-
lowed an approximately single charge-dependent, cos” function,
where 1 increases with charge state and decreases with atomic mass.”’
The space charge effect of the charged particles in the plasma results in
increasing ion velocity for higher charge states.”'

The kinetics of LPP plumes are influenced by laser, target, and
environmental (e.g., nature and pressure of the ambient gas) proper-
ties. Many studies evaluated the role of laser wavelength, pulse width,
and power density on plasma dynamics.”'**"** Similarly, a large
number of studies investigated the role of ambient gas type (e.g., Ar,
O,, air) and pressure on the plume dynamics and plasma chemis-
try.”>*> While some work exists on understanding the role of target
properties on the kinetics of the LPP plume,”*****’ the comparison of
charged and neutral species has received less attention. In addition,
studies involving targets with multiple principal elements are relatively
limited.”"

Plasma diagnostics have been used extensively in the context of
pulsed laser deposition (PLD) in order to understand dynamics of
plume species and plasma properties (i.e., temperature, electron den-
sity) for optimizing film characteristics.”’ However, optimization of
the plasma properties and stoichiometric deposition is more challeng-
ing for multi-element LPPs and reactive thin film deposition which
require further study.” In addition, multi-principal element and high
entropy alloy thin films have been fabricated via PLD; however, the
focus of several prior works has been on the film itself (e.g., micro-
structure, composition, properties),”””” as opposed to the plasma
kinetics.

This article compares the dynamics of ionized and neutral atoms
from pure metal vs alloy target materials. LPPs were generated via ns
LA of Al Ti, Zr, Nb, and Ta targets, and a refractory-based alloy con-
taining all of these as principal elements. A Faraday cup was used as
an ion collector for determining the ion kinetic energy (KE) distribu-
tions. Spatially resolved OTOF was performed to identify the velocity
and KE distributions of atoms. Combining these two techniques, we
explore the relationship between the kinetics of ionic and atomic emis-
sion features and thermophysical properties of single element and
alloy target materials.

Il. EXPERIMENTAL DETAILS

A schematic of the experimental setup is given in Fig. 1. For pro-
ducing plasmas, pulses from an Nd:YAG laser [1064 nm wavelength,
~6ns full-width half maximum (FWHM)], with a laser fluence of
~20 J/cm? (power density of 3.4 x 10° W cm ™ 2), were focused on to
various targets at normal incidence. The targets were positioned in a
vacuum chamber and mounted on an x-y translator to easily move
between targets and prevent drilling. Multiple optical windows and
ports for laser entrance, light collection, and electronics were included
in the chamber design. Target materials used in this study include
pure Al, Ti, Zr, Nb, and Ta (99.9% purity, Kurt Lesker), and a
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FIG. 1. Schematic of the experimental setup used for collecting time and spatially
resolved OTOF and Faraday cup ion signals. Acronyms are defined as follows:
PMT—photomultiplier tube, ICCD—intensified charged coupled device, L—lens,
FC—Faraday cup, M—mirror, C—cube polarizer, WP—wave plate.

refractory high entropy alloy (RHEA) with 10% Al, 30% Ti, 20% Zr,
20% Nb, 15% Ta, 5% V (in at. %).”**” This alloy was selected for this
study given Al, Ti, Zr, Nb, and Ta are all principal alloying elements in
amounts above 10 at. %.

A Faraday cup ion collector with a 3 mm entrance aperture was
placed ~18cm from the target at an angle of ~10° for monitoring
ions in LPPs. A —30V bias voltage was applied to the ion collector,
and the ion signal was acquired using an 1 GHz oscilloscope.

Spatially and temporally resolved OTOF emission spectroscopy
was used for analyzing the kinetics of neutral species. For this, an optical
system consisting of two plano-convex lenses was used for imaging the
plasma plume onto the slit of a 0.5 m spectrograph (Spectrapro 2500i,
Princeton Instruments) positioned orthogonal to the plasma expansion
direction. The light dispersing system is equipped with two detectors: (i)
a photomultiplier tube (PMT, Hamamatsu R955) with a ~2 ns rise
time and (ii) an intensified CCD (ICCD). The monochromator-PMT
system was used for measuring the OTOF of various species in the
plume at a specific distance from the target. The spectrograph entrance
slit width used for data collection was 30 um, and slit height was
~3 mm. The sampled region of the plasma is, therefore, small relative to
the overall plume size. All analyses were carried out at a base pressure
better than 1 x 10~ Torr.

lll. RESULTS

Ton emission from Al, Ti, Zr, Nb, and Ta pure metal targets was
investigated and compared to ion emission from an alloy target con-
taining all of these elements. The TOF ion profiles and KE distribu-
tions from the various metal and alloy targets are given in Figs. 2(a)
and 2(b), respectively. In Fig. 2(a), all normalized ion profiles are fitted
with a shifted Maxwell-Boltzmann (SMB) equation, * where fits are
shown as dashed lines in each sub-figure. Velocity and KE temporal
distributions were measured from the TOF profiles based on the
atomic mass of each element and the location of the detector (18 cm
from the target).

In Fig. 2(a) ion TOF profiles, we find a prompt peak is present at
the onset of laser ablation for all targets. We also find that the FWHM
and the probable arrival time (i.e., peak delay) both increase with tar-
get atomic mass, from Al to Ta. These TOF profiles follow an
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FIG. 2. (a) lon TOF signal for Al, Ti, Zr, Nb, and Ta ions (from pure metal targets)
and from the alloy target. Insets for each sub-figure are for early times. The dashed
lines in (a) show the SMB fit to the ion profile data. Relative standard deviation
(RSD) for SMB fits are 0.97 (Al), 0.99 (Ti), 0.99 (Zr), 0.98 (Nb), 0.96 (Ta), and 0.94
(alloy). (b) lon signal as a function of KE. All signals in (a) and (b) are normalized
to their maximum intensity.

approximate SMB distribution (indicating ions are thermalized),
which is clear from the SMB fits reported in Fig. 2(a). Finally, several
low-intensity ion peaks are observed at early times (~1-2 us for Al
Ti, Zr, Nb, and ~1-4 us for Ta), as seen in the insets in Fig. 2(a). Such
peaks are absent in the alloy profile.

All ion TOF profiles showed a presence of a prompt peak at
~0ns, and the origin of prompt peaks has previously been attributed
to photo-ionization caused by high-energy photons.”””* From the ion
profiles reported in Fig. 2, the maximum probable velocities of ions
from each target material were calculated and are reported as a func-
tion of atomic mass in Fig. 3(a). The range of velocities at FWHM of
the corresponding velocity distributions is given as a thick, shaded bar
around the maximum probable value (given as a dark circle for pure
target materials and a star for the alloy target).

Maximum probable KE for ions are given in Fig. 3(b), and KE
distributions at FWHM are given as ranges. Errors associated with
maximum probable velocities and kinetic energies reported here are
<5%. The most probable ion velocity decreases with increasing
atomic mass, as does the width of the velocity distribution. In terms of
KE, the most probable values and widths of the distributions are simi-
lar for all elements; however, Al shows a reduced KE and width
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FIG. 3. (a) Maximum probable velocity of ions measured from Faraday Cup TOF
profiles (Fig. 2) as a function of atomic mass (amu). Distributions around the maxi-
mum probable velocity data points represent the velocity distribution at FWHM, as
noted in the figure caption. (b) Maximum probable KE as a function of atomic
mass, including FWHM of KE distribution, plotted as a range. The atomic mass for
the alloy target is estimated based on at. % and atomic mass of each alloying
element.

relative to the other elements. Still, the measured energy range for Al
falls within the ranges observed for the other elements.

Maximum probable ion velocities (and corresponding velocity
ranges) are also plotted as a function of the heat of vaporization and
melting temperature in Fig. 4. The melting temperature of the alloy
target is reported in Ref. 35. The atomic mass and heat of vaporization
for the alloy were estimated as weighted averages as a first approxima-
tion, given no experimental measurements on this new alloy are avail-
able in the literature. Figure 4 shows ion velocities decrease with
increasing heat of vaporization and melting temperature. Velocities of
all ions from the alloy target show good agreement with trends of ions
in plasmas produced from pure target materials.

The OTOF profiles of selected atomic emission lines were mea-
sured at a distance of 6 mm from target surfaces. The 6 mm distance
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FIG. 4. Velocity of ions measured from Faraday Cup TOF profiles (Fig. 2) as a
function of (a) heat of vaporization and (b) melting temperature. Distributions
around the maximum probable velocity data points represent the velocity distribu-
tion at FWHM.

TABLE I. Atomic (neutral) transitions selected for OTOF measurements in pure and
multi-element LPPs. Wavelength in vacuum (nm), upper energy level, lower energy
level, and oscillator strength are given for each transition.*

Lower
Upper energy Oscillator
Wavelength energy level E; strength
A (nm) level E; (cm™!) (cm™) log(gf)
AlT 256.7983 38929.405 0 —1.06
Til 499.1065 26772.969 6742.755 0.38
Zr1 270.6169 36 941.65 0 —0.83
NbI 405.8926 25680.36 1050.26 0.58
Tal 648.5312 28766.65 13351.45 —0.46
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was selected for investigation here where the plasma is expanding adi-
abatically and collisions are more significant at closer distances to the
target surfaces. The selected transitions for OTOF studies are given in
Table 1" The OTOF profiles recorded from metal and alloy targets
are reported in Fig. 5(a), with KE distributions given in Fig. 5(b). In
Fig. 5, solid colored lines represent profiles from pure metal targets,
and dashed black lines are for the same transition but from the alloy
target.

Each OTOF profile in Fig. 5(a) has a sharp, prompt peak at early
times (near~0us) and a broader peak at later times. The prompt
emission signal noticed in OTOF profiles is contributed by continuum
emission which peaks at very early times after the plasma onset." The
OTOF profiles for each atomic transition showed different trends for
the pure metal vs alloy targets. For example, the peak in the Al I
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FIG. 5. (a) OTOF profiles for Al, Ti, Zr, Nb, and Ta neutral atoms in plasmas pro-
duced from pure metal and alloy targets (b) and corresponding KE distributions. KE
distributions are given up to 1000€V, given the difficulty in separating the signal
corresponding to atomic emission with the prompt peak. OTOF signals for neutral
atoms from pure metal targets are given as solid, colored lines, and neutral atoms
from the alloy target are shown as dashed black lines. All signals are taken at
6mm from targets. Atomic transitions selected are Al | at 256.7983nm, Ti | at
499.1065 nm, Zr | at 270.6169 nm, Nb | at 405.8926 nm, and Ta | at 648.5312 nm.
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OTOF profile for the alloy is delayed relative to the pure metal target.
In contrast, for heavy metals such as Nb I and Ta I, there is less differ-
ence between the profiles from pure metal and alloy targets. For Al 1,
Til, and Zr I, the alloy target shows a longer decay curve in the OTOF
profiles when compared to the pure metal targets. Differences appar-
ent in OTOF profiles are also observed in the PMT signals plotted as a
function of KE [Fig. 5(b)]. KE distributions are given up to 1000 eV
due to the difficulty in separating the signal corresponding to atomic
emission with the prompt peak at higher kinetic energies. The most
significant difference is observed for Al I, where the alloy Al I signal is
shifted to lower KE values.

Maximum probable velocities for neutral atoms were calcu-
lated from OTOF profiles, with results given in Fig. 6(a) as a func-
tion of atomic mass. Similar to Figs. 3 and 4, the velocity
distribution at FWHM is given as a shaded bar around the maxi-
mum probable velocity value. Velocities of neutral atoms from
both pure metal and alloy targets decrease with increasing atomic
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FIG. 6. (a) Velocity of neutral atoms from OTOF profiles (Fig. 5) from pure metal
and alloy targets as a function of atomic mass. In (b), maximum probable KE of
atomic species as a function of atomic mass are given. The distributions shown
represent the velocity or KE distributions at FWHM.
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mass although the velocities from the alloy target appear more
self-similar. Al neutral atoms show a large reduction in velocity in
the alloy vs the pure metal LPP, while the other elements show
smaller differences. Atom KEs are reported as a function of atomic
mass in Fig. 6(b). The range of KEs at FWHM is represented as
shaded bars around the maximum probable KE in Fig. 6(b). For all
elements except Al, the most probable KEs are similar with respect
to atomic mass and show small differences between pure elements
and the alloy. For Al, the most probable KE is notably higher for
the pure element vs the alloy. However, in the alloy, the Al KE is
similar to the other elements. From velocity vs heat of vaporization
and melting temperature for neutral atoms [Figs. 7(a) and 7(b),
respectively], we find atom velocities also decrease with increasing
heat of vaporization and melting temperature although the decay
behavior varies between pure metal and alloy targets; a greater
reduction in velocity is observed for neutral atoms in pure metal
LPPs vs those in the multi-element (alloy) LPP.
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FIG. 7. Velocity of neutral atoms from pure metal and alloy targets as a function of
(a) heat of vaporization (kJ/mol) and (b) melting temperature (°C).
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IV. DISCUSSION

The present study investigated ion and neutral atom kinetics in
plasmas produced from pure vs multi-element (i.e., alloy) target mate-
rials using the Faraday cup and OTOF plasma diagnostic tools. The
presence of multiple elements with varying properties in the plasma
produced from the alloy target significantly impacts the kinetics of
both ions and neutrals. We find several interesting trends in Faraday
cup and OTOF signal data, including (i) the KE of ions are similar for
all elements and the alloy although Al shows a slightly lower KE; (ii)
the KE of ions are generally higher than neutral atoms, with the excep-
tion of Al (iii) ion and neutral atom velocities decrease with increasing
atomic mass, the heat of vaporization, and melting temperature; and
(iv) neutral atom velocities are generally greater in plasmas produced
from pure metal targets in comparison to the alloy LPP.

In the ion temporal profiles and KE distributions reported in
Figs. 2(a) and 2(b), all ionic charge states are included and, therefore,
contribute to the trends observed in velocity and KE distributions
reported in Figs. 3 and 4. A particularly interesting observation is that
the maximum probable KE for all ions [Fig. 3(b)] are similar, where
the FWHM of all the KE distributions clearly overlap. However, Al KE
is slightly lower than the most probable KE value for other targets, and
this finding is likely attributed to the charge state distribution in Al vs
other LPPs. The ionization energies of higher charge states for Al are
much greater in comparison to other metals studied here; hence, the
average charge state of the Al LPP is expected to be lower. This lower
average ionization state can lead to the lower KE reported for Al, con-
sistent with results from Torrisi et al.*’

With regard to the alloy target, there are many parameters that
can influence alloy ion KE distributions, including the concentration
of various elements present in the alloy."""” Ton energies and charge
states in the alloy LPP are also impacted by ionization, acceleration,
and recombination processes.”’ When a weighted average atomic
mass is estimated for the alloy target, the measured ion velocities and
KE distributions agree well with trends for pure metal targets. To fur-
ther investigate the impact of various ion charge states on the observed
ion TOF profiles and KE distributions, a study employing charge-
resolved analysis tools such as electrostatic energy analyzer (EEA),"”
time-of-flight mass spectrometer (TOF-MS),"* Thomson parabola,”’
or retarding potential analyzer is required.”**°

Another consideration when examining the difference between
ion and neutral atom KE is the observation point where data were col-
lected. The OTOF measurements of atomic emission temporal distri-
butions were made at a distance of ~6 mm from the target surface,
while the ion TOF profiles were recorded at a distance of ~18cm
from the target. Since all measurements were taken in a vacuum envi-
ronment, the charge state of the ions will be frozen after a short dis-
tance from the target.”' We note that ions have greater kinetic energies
than neutral atoms, with the exception of Al In ns LPPs, the plasmas
will be generated during the interaction of the leading edge of the laser
pulse with the target, and the rest of the laser energy will be utilized for
plasma heating through inverse bremsstrahlung (IB) absorption.
During the IB absorption process, the energy will be absorbed by the
electrons which thermalize with ions in a timescale (~1-10 ps) faster
than the duration of the laser pulse. Being lighter species, the electrons
escape from the plasma followed by ions. A shift in ion KE profiles
toward higher energies [Fig. 2(b)] indicates ion acceleration.
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Results reported in Figs. 3 and 6 show that measured velocities
for ions and neutral atoms decrease with increasing atomic mass, and
this behavior is expected due to the relationship between KE, velocity,
and atomic mass; for a constant KE, lighter elements will have a
greater velocity relative to heavier elements. The observed decreasing
ion velocity trends with increasing heat of vaporization and melting
temperature (Figs. 4 and 7) suggest that the characteristics of ion emis-
sion from a ns LPP may be correlated with thermal properties of the
target material.””” This correlation is consistent with the understand-
ing that material removal via ns LA involves complex thermal phe-
nomena, such as vaporization and phase explosion.”” Measured
velocities and KE of ions and neutral atoms have also been correlated
with other parameters related to thermodynamic or material proper-
ties, such as electrical conductivity.%

The similar observed KEs of neutral atoms in the plasma from
the alloy target highlight the existence of a highly collisional plasma
close to the target surface (i.e., in the Knudsen layer). LPPs are hotter
and denser at early times and at closer distances from the target, and
the species undergo significant collisions in the so-called Knudsen
layer region."® The boundary of the Knudsen layer acts like a nozzle
from which the plasma expands adiabatically. During adiabatic expan-
sion, the velocities of ions/neutral atoms depend on mass (where
velocity is proportional to m~"?). For the alloy plasma, collisions in
the Knudsen layer act to produce similar KEs for all elements. For all
plasmas, the kinetics of various species depends on initial plasma con-
ditions. Given LA is performed in a vacuum, most of the collisions in
the plasma occur at early times and at short distances from the target.
The plasma expands adiabatically with the reduction in temperature
and density as time progresses although at different rates for each tar-
get material."”"

Comparing the neutral atom OTOF profiles obtained from metal
and alloy targets [Fig. 5(a)], significant differences are apparent, espe-
cially in the decay part of the temporal profiles. Differences in OTOF
profiles for atomic transitions measured in plasmas produced from
pure metal and alloy targets could be due to several factors, such as dif-
ferences in number densities (number densities of neutral atoms are
significantly lower in the case of the alloy target), collisional excitation
and deexcitation in the Knudsen layer, charge transfer, ionization,
recombination, and radiation trapping. For instance, the broad peak
followed by a long tail observed in atom OTOF profiles [Fig. 5(a)]
may be due to recombination of ions and electrons at later times in
plasma expansion leading to the formation of neutral species.
Recombination rate is dependent on charge state (Z), electron temper-
ature (T,), electron density (n,), and ion density (n;) according to the
relation: R, o< Z3In/Z* + 1T;°/*n?n;.”" At lower plasma tempera-
tures, which are reached at later times in plume expansion, recombina-
tion rates are higher and more favorable for the formation of neutral
species. Having lighter mass, Al ions possess the highest maximum
probable velocities, and fast neutrals can be formed by the recombina-
tion of fast ions with free electrons.”” However, for the alloy target,
KEs for atoms are more similar which indicates the thermalization of
various species in the plasma.

V. CONCLUSIONS

This article investigates the dynamics of ions and neutral atoms
in LPPs generated via ns LA of Al, Ti, Zr, Nb, and Ta pure metals as
compared to the results obtained from an alloy target comprising all of
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these elements. We find that the maximum probable velocities of ions
and neutral atoms decrease with increasing atomic mass, the heat of
vaporization, and the melting temperature of the target material.
There is a correlation between ion/neutral atom velocities and thermal
properties, consistent with the understanding that ns LA is a thermally
driven process.

Ton velocity for the alloy target agrees well with trends for pure
metal targets, suggesting that the KE distribution represents an enve-
lope where signals from each constituent element contribute. Al, how-
ever, does have a slightly lower maximum probable KE than ions from
other target materials, which we attribute to a lower average charge
state in the plasma. Ton acceleration is evident in LPPs, given that KEs
from ions are higher than for neutrals (with the exception of Al); ion
KE distributions have a forward bias; and temporal profiles show fast,
low-intensity peaks for pure metal targets.

Velocities and KE of neutral atoms decrease with increasing
atomic mass. When comparing velocities and KE of neutrals from
pure vs alloy target materials, we find that values from the alloy
target are more similar than those from pure metal targets. This
trend may be attributed to collisions between species with different
masses in the Knudsen layer. Such collisions reduce the KE of Al
neutral atoms most significantly (and only minimally impact Ta
atom KE) between single- and multi-element LPPs. Our findings
also indicate that the properties and composition of the target
material from which a LPP is generated strongly impact plume
dynamics.
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