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Abstract: The history of pulsed laser deposition (PLD) and transient plasmas generated by laser abla-
tion is intertwined with the development of various techniques for its fundamental understanding.
Some diagnostic tools have been developed to better suit the rapid transient nature of the plasma
(space and time dependence of all parameters, fast decay and complex chemistry inside the plasma),
whereas others have been adapted from basic plasma physics studies. Langmuir probe method
has been used as a real-time in situ diagnostic tool for laser ablation and later for PLD. It remains
a useful tool for the PLD community arsenal, which can easily be adapted to the development of
new lasers and ablation regimes and new deposition configuration, being one of the most versatile
techniques for plasma diagnostics. It is the cornerstone on which charge particles are analyzed and
has led to several important discoveries, such as multiple peak distribution, selective acceleration
during expansion, plume splitting, plasma turbulences and fluctuations. However, because the
Langmuir probe theory adaptation from classical plasma physics is not straightforward, it might
lead to misinterpretation and often incorrect analysis of data. This review analyzes the limits and
understanding of the technique as a foundation for attaining its full potential, which can impact the
way PLD is used. This is especially useful for the pressing need of real-time, in-situ diagnostics and
feedback loops for systematic semi-industrial implementation of the PLD technique.

Keywords: Langmuir probe; laser ablation; pulsed laser deposition; laser induced plasma

1. Introduction: A History of Measurements

Laser ablation is defining a sequence of fundamental processes seen as the outcome
of laser beam irradiation of a solid surface. The effects of light interaction with the matter
have been identified and reported on for centuries. Some reports from Greek literature
dating from 303 B.C. describe a water-filled globe with a special property that can produce
fire in various conditions. An ancient view on the concept of “photonic ablation” can be
found in the writings of Archimedes, who in 203 B.C. suggested the use of an array of
mirrors to reflect and focus the sunlight on the Phoenicians fleet [1].

The beginning of laser ablation as a modern research direction started with a series
of conference papers and talks in the 1960’s. There were reports on a wide range of
fundamental aspects that will eventually grow into pillars of laser ablation and laser-
produced plasmas on which a completely new research direction was created. The first
scientific paper was a fundamental (theoretical) study of Askar’yan and Moroz [2], and
contained calculations regarding the recoil pressure resulting from ablating a solid target
by promoting the scenario of small particles and droplets acceleration by developing what
was named at the time as the “one-sided evaporation” model. Similar pioneering work was
done by Honig and Woolston [3], reporting on laser ablation of a wide range of materials
(metals, semiconductors and dielectrics), giving the first quantitative data on the amount of
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particles removed by laser ablation: 3 x 10'° electrons and 10 positive ions per m?; coupled

with a detailed study of electron emission temporal profile. The ablated mass distribution
was also investigated with a tailored double-focusing mass spectrometer, proving the first
use of ion microprobe analysis. These results later became the foundation for ion mass
spectrometry and created the need for electrical investigations of laser-produced plasmas
(LPPs). Lichtman and Ready [4], in the framework of thermionic emission assumption,
calculated the surface temperature during laser irradiation of solid targets, reporting values
of 3.3 x 103 K for a ruby laser pulse interacting with a W target. Ready [5] reported
for the first time on the use of fast-gated photography as an appropriate technique to
investigate the evolution (by means of temporal and spatial profiles) of the ejected particle
plume. One of the main results of that study was that the LPP optical emission reached
a maximum emission at 120 ns with respect to the laser-target interaction moment and
had a lifetime of a few ps expanding with an average velocity of 20 km/s. Subsequent
investigations on carbon-based targets were reported by Howe [6], who derived the ejected
particle energy in the framework of a non-equilibrium plasma environment ascribed to
particle cooling during an adiabatic expansion. Further exploration of the subject was
seen in the work of Berkowitz and Chupka [7], who reported on the generation of carbon
(n =~ 14), boron (n ~ 5) and manganese (1 ~ 2) clusters after post-ionization of the ejected
plasma plume. The production of large structures during laser ablation can be found
in other reports [8] being described as large “blobs of molten material” or “fragments
of material” analyzed by the first momentum transfer measurements. The few results
mentioned here were part of a large movement predominantly focused on laser-produced
plasma diagnostics. These fundamental studies have expanded over a vast range of laser
beam properties (wavelength, pulse width, beam power, repetition rate, beam shape etc.).
The implementation of a series of new and diverse methods such as visible or ultra-violet,
and X-ray emission measurements [9,10], coupled with the findings of multiply-charged
ions [11] and two- and three-photon emission [12] and associated findings led to the
development of new applications based on laser ablation and laser-matter interaction.

In 1964, for the first time, Berkowitz and Chupka [7] promoted the idea of a fusion
alternative based on laser ablation called laser confinement fusion. Another notable appli-
cation is pulsed laser deposition (PLD), developed as an alternative to the already existing
deposition techniques (sputtering and thermal evaporation). The first pure PLD experiment
was reported by Smith and Turner [13]. At the time the thin films developed by PLD were
inferior to the ones deposited by sputtering and thermal evaporation. Dijkkamp et al. [14]
reported on the first high-quality film deposited by PLD. They deposited high-quality
thin film of YBa,Cu3O; which could not have been produced through other alternative
techniques. Following this, the PLD technique has been successfully implemented for
the manufacturing of thin films with a wide range of properties (ceramic oxides, nitrides,
metallic multilayers with high crystallinity) [15-17]. One of the most notable advantages of
PLD are the lower costs, when compared with molecular beam epitaxy (MBE) or metal-
organic chemical vapor deposition (MOCVD), and improved control over stoichiometry,
phase and thin film composition. This control is essential for the growth of complex multi-
element materials, including high-quality nanomaterials with stoichiometries that cannot
be achieved otherwise. Noteworthy successes of PLD can be summarized by the nature
of the resulting deposit (nanowires of Si and Ge [18]), binary (In,O3 [19], SnO; [19,20],
ZnO [21]) or ternary systems (GaAsg ¢Pp 4, InAsg 5P 5, CdSySe —y, indium tin oxide [22,23]),
and more complex materials [24]. As thin film technology developed, seminal work was
published by Voievodin’s group [25-28] with the main focus on carbonaceous structure
formation during PLD of diamond-like films. The same extraordinary insight into pulsed
laser deposition was seen in the work of Grigoriev et al. [29] where experimental data was
combined with numerical simulation to investigate complex thin films generated in various
atmospheric conditions. In the recent years, through the work of Giuffredi et al. [30,31]
and Fominski et al. [32], it was shown that plasma monitoring with ion probes can be a
successful approach for in-situ analysis during formation of complex films. The real-time
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monitoring during the deposition process was extended to other techniques like magnetron
sputtering [33,34], PECVD [35] or plasma spray [36,37].

With the advancements in thin-film technology, the growing reliability and stability of
commercial lasers (Q-switched YAG or excimer lasers), translated to the improvement of
thin film uniformity and long-range reproducibility of microprobe measurements. Note-
worthy progress was made, on the fundamental mechanism of the deposition process. PLD
is a complex process with existing correlations between target physical properties (melting
point, vaporization temperature, electrical conductivity, etc.), laser characteristics (fluence,
wavelength, repetition rate, pulse width), background gas species (molecular, atomic inert
or reactive), substrates’ physical properties and the PLD ensemble geometry. All these
parameters are in an unstable equilibrium, and changing one parameter might shift the
ideal settings for others. Due to this web of inter-relationships, the control of the deposition
process becomes difficult and is directly correlated with knowledge of the LPP dynamics
and the effect of the plasma plume properties on the deposited film. If we analyze the
deposition process from different angles based on the nature of some influencing factors,
this complicated image of PLD can be somehow simplified. One aspect is related to the
interactions between the laser beam and the target, defined by the physical properties of the
target (reflectivity, electrical conductivity, heat of vaporization, mass etc.) and those of the
laser beam (wavelength, pulse width, shape, fluence, etc.) [9,38]. A second aspect covers
the relationships between the physical properties of the irradiated sample and those of the
laser produced plasmas [39,40] and the last one covers the impact of the ablated cloud on
the properties of the thin film. To gain some insights into any of these relationships it is
required to implement well-established plasma diagnostic techniques (Langmuir probe
(LP), electrostatic analyzer, fast gated photography (ICCD fast camera imaging), optical
emission spectroscopy (OES) or mass spectrometry, etc.) to attempt unification relations
amongst all these variables.

The effort put into fundamental investigation of LPP translated in important discover-
ies. Plume splitting was first reported by Geohegan'’s group [41,42] when investigating the
expansion of carbon LPP in an ambient gas. The same group proposed several theoretical
models based on multiple-scattering and hydrodynamic approaches [43] to understand
the behavior of LPP. Confirmation of the plume splitting paradigm was given by other
groups [44—46]. All the reports were focused on plasmas generated experimental condi-
tions comparable with the PLD experiments (i.e., fluences: 1-2 J/cm? and background
gas pressure: 1-100 mbar). We note here that similar results were also reported for ex-
treme conditions: vacuum (background pressure <107° mbar) and at high fluences above
10 J/cm? [47]. From a theoretical standpoint plume splitting is a phenomenon that can be
induced by the hydrodynamic heterogeneity amongst the groups of particles ejected by
means of distinct mechanisms [48]: the ions are removed on a very short time scale through
a Coulomb explosion in the very intense field caused by the electron depletion by laser
excitation and detachment, while the neutrals are ejected via subsequent thermal process
like explosive boiling which reportedly requires more time to establish [48].

2. Classical Theory of Langmuir Probe Adapted for Transient Plasmas

Historically the Langmuir probe (LP) method was first proposed by Langmuir [35] in
order to facilitate the description of ionized gases. Both the theory and the technical aspects
surrounding this experimental technique have evolved over time [49-53]. Nowadays the
Langmuir probe presents great versatility; it is used on various types of plasmas based
on different technologies (laser-produced plasma, discharge plasma, fusion or sputtering
plasmas) as well as in various geometrical configurations [54-56] (single probe: planar,
cylindrical, spherical (Figure 1), double or triple probe). It has been accepted as one of the
main techniques for plasma investigations. The dynamics of the plasma particles (ions
and electrons) in the vicinity of the probe do not differ fundamentally from one probe
configuration to another; consequently no major difference will appear in the LP theory
variants corresponding to different geometrical configurations. In the following section,
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we will briefly describe the dynamics of the electrons and ions in the vicinity of the probe
and show how this can lead to the determination of a series of basic plasma parameters
(temperature, density, plasma potential and velocity).
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Figure 1. An illustration of different types of Langmuir probes and a typical implementation schematic.

Let us consider the case of an ideal stationary plasma (i.e., neutral from an electric
point of view, homogeneous and presenting local or global thermodynamic equilibrium).
When the probe (a metallic electrode, for simplicity we will consider it plane) is immersed
inside the plasma, the electrons, ions and neutral atoms will arrive at the probe location due
to the movement imposed by the drift, thermal velocities and probe-biased voltage. Given
the difference between the masses of the electrons and the ions, the number of electrons
per time unit that will initially arrive at the probe surface will be larger than that of ions,
and thus will negatively charge the probe surface. As a result, a surface potential is formed
where the electrons will be slowed down and rejected, while the ions will be accelerated
towards the probe. Within this surface, the plasma neutrality is broken and there are no
secondary ionizations. In this stationary regime, the overall number of electrons will be
equal to that of the ions. This can be written as the equality between the two fluxes:

Je = %eneve?].i = %Lfmivi 1)
with ne, 1; being the charged particles number densities and v,, and v; being the velocities
with which the particles reach the probe.

When the probe is biased, either positively or negatively, an electrical field is generated
around the probe. As such, only one type of particle will pass towards the probe, while
the other is repelled. The “collecting” area from the plasma is defined by the value of the
applied voltage and the density of the plasma. Generally, this is called a space charge
surface, and it can spread on a few Debye lengths. The Debye length defines a minimum
volume for which properties like plasma neutrality and local thermodynamic equilibrium

3
are satisfied. The space charge is described by the Child relation: D = Apepye V2 (2ev) 5

ERNS
where D describes the thickness of the plasma sheet where the electron density is negligible,
and Apepye = k}fejzo . The role of the applied voltage is not only to differentiate between

different types of charges, but also to separate them based on their energy. Thus, by
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sweeping a wide enough range, one would be able to collect all electrons and ions. If we
take into account the simplest case, that of the planar configuration, the condition necessary
to extract a particle from the plume is related to the kinetics of the incoming particles:
kinetic energy of the particle (the component oriented towards the probe surface) is higher
than the space charge surface field ¢(Vpjasma — Vprobe ), With Vpjagma the plasma potential
and Vpyope the voltage applied on the probe. Therefore, the nature of the collected charge
(and thus the probe current) is decided by the polarization of the probe. For a positive
potential, all the electrons are collected, and due to their Maxwell-Boltzmann velocity
distribution, the final relationship describing the electron current is:

—€ ( VPlasma B VProbe )
kT

Iprobe = I(VProbe) =le— I = Iy eXP[ ] — Lio, Vprobe < VPlasma, (2)

while for a negative potential

—e(V; -V
Iprobe = Ieo — Lio exp[ ( Proble(Tv Plasma) ] + Vprobe > Vplasmar 3)
1

where Ipyope is the current collected by the probe, I and I; are the electronic and ionic cur-
rents, respectively, I and [jg are the respective saturation currents, e is the electron charge,
k is the Boltzmann constant, Tk is the electron temperature and Tj is the ion temperature.

While the bias voltages are swept from high negative values to their corresponding
positive ones, a characteristic similar to the ones presented in Figure 2 is obtained. This
is called the I-V (current-voltage) characteristic. Although the shape of the characteris-
tic is slightly dependent on the geometry of the probe, we can typically identify three
different regions:

a) Thesaturation ionic region is defined by a small current amplitude and a relatively fast

Te
27tm;

(where A is the probe area, e is the electron charge, n; is the ionic density, T. the
electron temperature and m; the ionic mass);

b)  The transition part, where the floating potential (V¢) can be found as the voltage for
which the current on the probe equals zero, is followed by an exponential increase
of the electronic current. The inflection point of the characteristic, where the current
changes from an exponential dependence on the Vp;qpe to a squared root one, will
define the plasma potential Vpjagma;

c)  The saturation electronic region is defined by a maximum electronic current collected

saturation for the ionic current. The saturation current is defined as I,y = Aen;

27TMe
is particularly characteristic to the planar probe, whereas for other configurations

the electron saturation is not reached. This is due to the increase of the space charge
surface around the LP.

by the probe. The saturation current is defined as Iy = Aefie/ 55— This region

Figure 3 shows a series of characteristic signals for an Al plasma (Figure 3a) and
angular measurements using an un-biased probe (Figure 3b). The Al plasma [57] was
generated by fs-laser ablation using a Ti:Sa femtosecond laser beam (A = 800 nm, 60 fs,
1.7 mJ /pulse, 100 Hz) at a laser fluence of 8.5]/cm? while the Ag plasma [58] was generated
by a Continuum Surelite III Nd:YAG laser (A = 266 nm, 81 m]J, 5 ns, 10 Hz) operated at a
fluence of 3.8 J/cm?2. The I-V characteristic can be reconstructed at different moments of
time, allowing for the treatment of the laser ablation plasma at specific moments as being
a homogeneous, stationary plasma, with a local (partially) thermodynamic equilibrium.
Given these assumptions, some bottlenecks are identified. At short times during expansion,
when the plasma plume has a small volume, the active surface of the LP can be significantly
large with respect to the plasma volume and the theoretical treatment of the LP is not valid
since the measurement should not significantly affect the plasma. Consequently, most LP
measurements [53,56] are performed at long distances from the target (typically a few cm)
and at long evolution times (after 1 ps). This is understandable as the plume increases
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its volume as it evolves, with the collecting area changing accordingly as it is related to
the plasma density. To overcome this limitation alternative implementations of the probe
are required. Our group has proposed a new approach by introducing an unbiased probe
scenario. Time-series for a non-biased probe (floating measurement regime) extracted from
an Ag plasma [58] are presented in Figure 3b. When the probe is unbiased, the focus of the
measurement is on the drift movement and the kinetic energy of the flowing plasma. The
lack of a selective bias voltage allows the particle to reach the probe based on their mass-
energy ratio. We noticed that electrons arrive first on the probe and are followed by the
main groups of ions. The advantage of this approach is the ability to differentiate between
different elements or ionic species of the same element in a single measurement, while the
classical approach sums all the contributions offering an overall view of the plasma.

Electron
lon E ial saturation
saturation Xpon.entla - o
region | region cylindrical
plane
- l
D ]
= |
L .
o
- [
[
0 _ i i
| sat | Vg ol | U
- 0 + probe

Figure 2. Typical I-V characteristics for various probe configurations.

(a) Al plasma
3 — . , ‘ ,

=-30V

probe

pmba=725v
=-20V

probe

=15V
probe
=10V

probe

L=-5V
ot
=_05V

probe

=05V
=5V

probe

=10V

probe

=15V

probe

=20V

probe

_3 / probe =25V

: L] L —V =30V T L 1 N 1 . 1 L . L
1

0 5 10 15 20 25 30 35 40 45 0 ’ 10 ) 19 20 % 30
Time (us)

Time (us)

probe

\.

A

lprobe (M A)

——

Current (a.u.)

~

v
—v

e/

—v

—v

—_—V

0 —V
\

—y

—v

—v

—v

—vV

Figure 3. Ionic and electronic currents collected for various probe biases for an Al plasma (a). Adapted with permission
from Ref. [57]; Copyright 2017 Elsevier. And the charge density temporal traces for a Ag plasma expanding in Ar gas at
floating potential (b). Adapted with permission from Ref. [58]; Copyright 2020 Wiley.

Once the I-V characteristic is obtained, there are other plasma parameters that can
be identified. By reducing the ionic current and representing the evolution of the electron
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(a)

current as a function of the applied bias voltage in a logarithmic scale (Figure 4a,b),
further determination of the electron temperature, the plasma potential and subsequently
particle densities, the thermal velocities and the Debye length can be performed. When
investigating the time resolved analysis of electron temperature in vacuum conditions
(10~° Pa) we noticed two different slopes in the logarithmic representation of the I-V
curve. This result highlights the presence of two generations of electrons with different
temperatures (hot and cold-hot and cold nomenclature is used relative to the two groups of
electrons). The result is in line with the paradigm centered on the two-temperature model
often used, although it lacks strong empirical proof from a LP theory point of view. Some
literature reports [59,60] discuss the presence of two electronic groups when implementing
the LP current interpretation to target current measurements. They perform a linear fit on
both the linear increase which would characterize the T, and the saturation region which is
not supported by the LP theory. The Tepot decreases exponentially and becomes negligible
at long evolution times, while the T 014 has a more complex distribution. T, o4 has a
three-peak evolution with each peak characterizing the three plasma structures reported
via non-biased probe measurements (see Figure 4c). The plasma potential ha a similar
evolution with the one of the cold electrons which implies that the dominant group in
the framework of PLD are the cold electrons. We would also like to underline here that
this two-temperature dynamic is only seen in ultra-high vacuum conditions and for short
evolution times. At longer times there is a contribution only from the cold electrons in the
plasma. Equations (1)—(3) are used to determine the main plasma parameters (Te and V)
and show that the temporal evolution is not a monotonous one. Moreover, charge particle
densities and characteristic values for plasma can be found, such as Debye sphere diameter,
ion oscillation frequency, collision cross-section or charge state [56].

(b) !
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Figure 4. Examples of semi-logarithmic representation of the electronic current for two temperature (a) and single tempera-

ture case (b) and time resolved representation of electron temperature and plasma potential (c).
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On the particularities of the technique there has been an impressive effort from groups
all over the world to clarify and implement it for the specific nature of LPPs. The combined
efforts of the groups of Amoruso, Lunney, Schou and Lippert [47,52,61-63] have been
of paramount importance in the development and implementation of the technique for
LPPs and for fundamental studies of such plasmas. Wood et al. [43] presented an astute
analysis of the time-of-flight signal and LP method for plasmas generated on metallic
and dielectric targets expanding a wide series of gases. The group of Focsa [57,59,64]
extended the implementation for plasmas generated on metals by fs and ps lasers showing
an important flexibility and scalability of the technique. The work of Torrisi et al. [65] and
Krasa et al. [66] highlighted the temporal distribution of charge particles extracted from
LPP’s offering a fundamental theoretical and empirical background for their interpretation.

3. Time-of-Flight Analysis of Charge Fluxes in LPP

By considering the properties of transient plasmas generated by laser ablation for
which all properties present spatial and temporal evolution, the time-sampling method can
have certain limitations. For the case of LPP, the current time-of-flight trances I = f (t) are
directly correlated with the velocity distribution of the ejected particles, by means of v = d/t,
where t is the arrival time of the particle at the probe and 4 is the target-probe distance [50].
This is an approach that is developed in the approximation of constant kinetic energy of the
ejected particles. This approximation is supported (for LPP expansion under vacuum) by
experimental observations [67-69] and theoretical reports. In a report by Kelly [70], there is
a model developed for particle expansion in the vicinity of the target. Based on this model
each particle experiences several collisions leading to the formation of a Knudsen layer, and
a subsequent supersonic expansion [71]. The Knudsen layer transforms the “half-range”
(vz > 0, with z axis along the normal to the target) velocity distribution present at the
sample surface into a “full-range” (—oo < v, < +00) Coulomb shifted Maxwell distribution,
based on the vg4yif. In this paradigm, the time-dependence of the probe signal is given

by [72]: ,
1 mi d
Li(t) e l 2T, (t - Udrift) 1 4

Equation (4) describes the saturation current temporal traces, as depicted in Figure 5a
where the current time-of-flight (TOF) profile of a Cu plasma (Ti:Sa femtosecond laser beam
(800 nm, 60 fs, 1.7 mJ /pulse, 100 Hz) at a laser fluence of 8.5]/ cm?) for a probe bias of =10V
was fitted. It is apparent that a clear deconvolution is needed for the floating potential
measurements, as the plasma is distinctly separating in multiple structures defined by
different drift velocities. The structuring of the plasma is not an artefact of the measuring
technique but it is a natural feature of the plasma. Several reports using complementary
methods like fast camera imaging, TOF mass spectrometry and time-resolved optical
emission spectroscopy covered this subject.

Alternative interpretations of the TOF signal are given in the literature (see [56,73,74]),
where it was considered that the movement of the charged particle “cloud” is defined by its
“average” velocity Vaverage, derived as A/tmax, Wwhere tmax (see Figure 5) is the arrival time
of the maximum ionic current (associated with the most probable velocity in a Boltzmann
velocity distribution representation). We also stress here that this is a limiting approach
as this velocity is a global one and disregards the inner structuring of the plasma when
applied to the saturation current. The charge current is then defined as

Lic = eAn;eVaverage 5)

This view over the measurement allows for the determination of the charge density
distributions with the velocity in all points of the plasma volume (see Figure 6 for an Ag
plasma generated by ns-laser ablation in Ar and O, gases). This approach implemented
to the un-biased measurements can offer information about the kinetics of each ionic
and electronic structure. Our group recently reported some feature of the charge density
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distribution induced by gas ionization during Ag plasma expansion in Ar gas and on
complex angular distribution of the Ag ions velocities in a reactive gas.
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Figure 5. Example of temporal current trace of a fs LPP on a Cu target (Vp,ope = —10 V) fitted with a shifted Maxwell-
Boltzmann distribution (a). Adapted with permission from ref [57]; Copyright 2017 Elsevier, and ns LPP on a Ag target
(Voprobe = 0 V) (b). Adapted with permission from ref [58]; Copyright 2020 Wiley.
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Figure 6. Charge density velocity distribution for an Ag plasma in various Ar pressures (a) and the angular evolution of the
charge density distribution (b).

The nature of the ionic velocity is often correlated with the fundamental interactions
within the plasma volume and/or with the ejection mechanism and thermodynamical
properties of the expanding cloud. This approach was used by Torisi et al. [75] when
reporting on ion kinetics in LPPs.

The real image of the overall contributions to particle dynamic during plasma expan-
sion is more complex. In LPP the contributions to ejected particle velocity are threefold:
thermal, free expansion and Coulomb-driven. This means that at any time a particle
can be described by three possible movements. The thermal movement of the charged
particle is best covered by LP theory as the core development of the probe is based on
the quasi-static movement of ions and thermal movement of electrons. These extreme
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conditions are satisfied when implementing time-sampling of the ionic and electronic
current as each slice represents a snapshot of the plasma. The free expansion component is
best described by the thermal mechanism of ablation and particles can be described as an
adiabatic expansion of a hot gas of particles. This view is reflected in LPP models and can
give the information about the ion TOF trace and angular distribution with a high degree
of confidence. Finally, the Coulomb-driven component is the second component of the
drift movement and regards the charge separation that occurs in the first stage of plasma
expansion where intense accelerating voltages can be applied on small volumes (Debye
surfaces) and induces acceleration of the charges based on the ionized state and mass. If
we reconsider Equation (4) in this expanding paradigm and revisit the Coulomb-shifted
Maxwellian velocity function [76,77]:

m 3/2 m 2
F(0th, Vad, 0 :A<—> e~ [(2r) (Pt —vaa—2c)’] 6
(Vth, Vad, 0c) kT (6)
where vy,, V.4, Uc are the thermal velocity, free expansion velocity and the Coulomb velocity
components, respectively, T is the plasma temperature, k is the Boltzmann constant, A is a
normalization constant, m is the ion mass. Each velocity component can be given by the

analytical relations:
3kT YkT 2zeV)
Oth = \/ = ~/lad = \/ 7 70 =\ 7 @)

where v is the adiabatic coefficient, z is the charge state, e is the electron charge, and V} is
the accelerated voltage developed at the edges of the double layer in the nonequilibrium
plasma. This description of the charged particle kinetic energy means that both average
velocity and drift one as defined in Equations (4) and (5) are actually composed by the
superposition of v,q and v.. Defining plasma temperature in the framework presented
through Equations (6) and (7) creates an equivalent of the usual definition of the plasma
temperature as it is understood in the context of the LP theory. From the classical approach
the plasma temperature is given by the thermal movement of the electrons and is more a
measure of the electron thermal movement. The temperature equivalent can be determined
semi-empirically according to [77] by considering the laser beam power density as the
main source of thermal energy of the plasma:

I 1/3
kT = 100 (1017[W/sz]> [eV] ®)

where kT is the equivalent plasma temperature and is derived from the laser pulse intensity
I. If the plasma temperature is known, let us propose an alternative route for Debye length
determination. Let us consider the ablation yield as a measure of neutral density in the
plasma. For 1 pg/pulse according to [76] we can ablate 3.3 x 10'°> atoms/pulse, which
gives a 107 cm 2 density of neutrals. The value is similar to other reports of ionic densities
found in plasmas which offer a range of 101°~10!7 cm~3. In similar conditions the fractional
ionization can be as high as 20-30% and the average ionization state 2*. Assuming local
thermodynamic equilibrium in the vicinity of the probe where the measurements are
performed and an electron density of 10'® cm™, the relation defining the Debye length at
times comparable with the laser pulse is:

T 1/2
)‘Debye =69 <7’10> [m] 9)

where T is plasma temperature in Kelvin and 1y in m=. For these values the Debye
length corresponds to approximately 1.2 um. From here a small step can be done towards
estimating the electrical field generated in the vicinity of the target. The acceleration field



Coatings 2021, 11, 762

11 0of 17

that would induce the separation in ion probe current and lead to multiple maxima in the
TOF ion temporal trace is
1% 14
E 0 [] (10)

/\Debye m

4. Limitation for Langmuir Probe Method: Perturbative Regimes and
Misinterpretation of Fluctuations in the Plasma

The flexibility of the LP can be easily seen in terms of implementation and the infor-
mation extracted from the plasma with relationship to the fundamentals of laser ablation
or to the PLD as a technological process. As we mentioned in the previous sections the
technique is not universally applicable and has strong limitations that need to be taken
into account. These limitations can be divided into two main categories: development
(geometry and implementation) and perturbative processes.

The development limitations are all in relationship with the implementation of the
time-swiping method which is used for the determination of localized time-evolution
of a wide series of parameters. The probe should not actively intervene in the natural
processes occurring in the plasma. Therefore, the dimension of the active region of the
probe needs to be calibrated with the measuring distance. The essential characteristic
of the LPP is its transient nature. This means that the dimensions and properties of the
measured plasma volume will constantly change during the lifetime of the plasma. This
aspect was thoroughly investigated and highlighted through ICCD fast camera imaging of
LPP expanding in various gasses [78]. An actual understanding of the LPP evolution is
that the plasma will increase its volume while losing particles, thermal and kinetic energy.
It is important to stress here that the geometry of the plasma is also altered by the presence
of the substrate [79] which can confine the movement of the charged particles and alter
the overall shape of the plasma or by changing the charged particles dynamics through
electric or magnetic fields [80] during the PLD process. The dimensions of the probe will
affect the collecting surface that will interfere with the plasma and thus can influence and
perturb the free dynamics of the particles. This limitation excludes the implementation of
the probe at a few mm from the target where it will strongly interact with the small (mm
sized plasma) high-density, high-energy plasma. Reports show charges with hundreds
of eV up to a few keV leaving the target. Even with Debye length of a few um (often
reported for laser-produced plasmas) the collecting area can be tens or hundreds of pm.
These values correspond to percentages between 1% and 10% from the whole volume of
the plasma, which potentially could make the measurements unreliable.

If the dimensions of the probe are considerably smaller than the overall plasma
volume and the measuring distance is relatively large (>1-2 cm) then the probe can offer
information with a higher confidence degree. If this is ensured, let us focus on the next
possible limitation regarding the perturbative mode of the probe. Nonlinear effects could
occur at the probe surface and can be induced by the high energy of the incoming ions
that could lead to probe sputtering and possible contamination of the deposition process.
To date, no proof of probe sputtering or traces of thin film contamination during in-situ
real-time measurements has been reported in the literature. However, if the working gas
pressure is increased, proper conditions for other nonlinear phenomena can be reached.
Similar behaviors were found in reports of positively-biased electrodes immersed in Ar
plasma at different pressures (>2 Pa). According to reports from the group of Dimitriu [81],
self-organized single or multiple structures named plasma fireball are generated on the
surface of the electrode. The oscillations result from the disruption and reformation of the
double layer formed around the fireball with ionic species being ejected in the plasma from
the ion rich core of the fireball. Proof of similar behavior seen on LP immersed in an Ag
plasma expanding in Ar is presented in Figure 7. This result is of great importance for LP
measurements and their general limitation when implemented for in-situ and real-time
monitoring of PLD process, especially considering the relatively large measuring distance
(37 mm), the relatively low bias applied on the probe (420 V) and the PLD conditions
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(5-10 Pa—Ar gas). Based on our data we can generalize that at elevated Ar pressure
conditions, for biases higher than 4 V, a fireball-like structure with a short lifetime is formed
on the probe surface, and thus LP becomes perturbative for the deposition process. Similar
behaviors were seen for a variety of metallic plasmas in the same range of Ar pressure.

.. (@
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Figure 7. Electronic current temporal evolution for various pressures (a) and measuring angles (b).

These oscillations seen in the 0-2 ps time range are induced by the Ar plasma generated
by the ionization and excitations of the LPP, and therefore are not a physical process within
the plasma. The problem with ionic oscillations in LPP has been amply discussed in a series
of paper starting from 1987 up to as recently as 2021. One of first reports of charge particle
oscillations in laser-produced plasmas was published in the 1980s. Borowitz et al. [82]
reported fast oscillating of about 100 ps period on the current induced in a metallic target
when irradiating with a 100 J, ns laser beam (fluence up to 105 J/cm?). The interpretation
was that the waves in the current are induced by the plasma, however the plasma expands
and has a clear density and spatial limitation, thus recoil particles returning on the surface
from the plasma expanding with 10 and 100 km/s seems unlikely. There are some reports
attempting to explain this strange behavior. The consensus is that the formation of single
or multiple double layer vicinity of the target leads to a wave-like structure in the charge
current temporal traces. This problem was the core focus in a series of papers mainly
from 1970-1980 [83-85] reporting on charge separation during the expansion of laser-
produced plasma. Eliezer and Hora [86] published a collection of paper where they built
the state of the art on the double and multiple layers in LPPs. Some reported data provided
empirical proof for the existence of double-layer electric fields of 10°~10° V/cm and widths
of 10-100 Debye lengths [64]. We would like to stress that they address only the behavior
in the first 1-2 mm from the target. The modern view of particle kinetics is that the charged
particles are accelerated in the double layer and thus a separation based on mass—charge
ratio occurs leading to multiple maxima in ion flux measurement. This was successfully
used to describe multi-element plasmas and explain charged particle acceleration during
the flow of plasma in high-vacuum conditions.

The study of ionic and electronic oscillations in LPPs was revisited in recent years
with many reports on the presence of an oscillatory regime in the ionic current during the
early stages of ablation (<1 us). There are reports on the unusual effects in LPP (double
and multiple layer formation, or oscillations) as results of systematic experimental studies
of plasma plumes generated by laser ablation in various temporal regimes (ns, ps, fs) on
materials spanning from simple metals (Cu, Al, Mn, Ni, W, Te, In, Zn, Ti, etc.) to more
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complex compounds (ceramics, chalcogenide glasses, ferrites) [87-90] were performed. The
reported values for what are presented as ionic oscillations vary and their frequencies range
from tens or hundreds of kHz up to GHz. This would imply that within the plasma volume
there are waves of charged particles moving on distances of a few pum up to a few cm
according to their drift velocity. These values do not correspond to their equivalent in Debye
lengths. Alternatively, if these millimetric movements are occurring, they should have been
observed by ICCD camera imaging or time resolved optical emission spectroscopy, which
again there is no proof. The only plausible data is for ionic oscillations with frequencies
of the order of GHz which can be sustained in the plasma volume. However, this would
correspond to electronic oscillations of THz order which to this date have not been reported.
A series of models based in a fractal framework were developed in [67] as the inter-
action between two structures projected in a multifractal space, and their corresponding
interface (associated with the delimitation of the double layer [90]). Others are developed
in a collisional model based on the plasma ion frequency and electron-ion collision rate [87]
in the framework of the Lieberman’s model for plasma immersion ion implantation, or a
model based on the AC Josephson effect [87]. In parallel, other groups have reported oscil-
latory behaviors of plasma temperature and plasma potential by implementing double and
triple probe. It is worth noting that although the results h confirm an oscillatory movement
of the plasma, it mostly refers to the movement of the electrons. As we presented earlier,
all the information regarding the electron temperature, plasma density Debye length, etc.
are directly related with the electron movement during plasma expansion. Let us reiterate
that in understanding of the LP theory the movement of the ions is neglected and the
source of information becomes the electrons. GHz oscillations of the plasma electrons in
a low-temperature plasma are plausible for a constant Debye length. In laser-produced
plasma the spatial region where the oscillations could occur changes as the plasma expands,
so the oscillatory movement cannot be separated by the drift movement of the electrons
and possible heterogeneity in the energy distribution of set charges. The experimental data
is not disputed here but rather it interpreted as waves or fluctuations in a highly energetic
fast-expanding plasma with pure plasma oscillations, which can be problematic.

5. Conclusions

An overview of the Langmuir probe theory and its implementation for transient
plasmas generated by ns and fs laser ablation was presented. The time sampling approach,
which is essential in time resolved electrical investigations is presented in extenso and
details on determining a wide range of parameters are given. The time series analysis
is also presented in two variants: a semi-empirical one and a theoretical one based on
the shifted Maxwell-Boltzmann distribution. An alternative to ionic saturation current
measurement is proposed here in the form of non-biased probe measurements which has
the advantage of measuring the flow of the particles induced by drift movement. Finally,
some limitations and the perturbative regime of the probe are discussed. The geometrical
and construction limitations are fraught with shortcomings in the interpretation of the
probe current in extreme conditions, where sputtering, non-linear effects or even particle
rebound from the probe surface can be seen.
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