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Abstract:Metal oxide films have received a lot of scientific
research interest over the past few years because of their
excellent optical and electrical properties needed for
optoelectronic devices as well as their low cost and non-
toxicity. Plasma enhanced-pulsed laser deposition (PE-PLD)
is utilized for the growth of thin films on flexible, thermally
sensitive polymer surfaces. A background oxygen plasma
gas is required for PLD to enhance the control process and
to prevent oxygen deficiency during metal oxide film for-
mation. Simulation results using COMSOL Multiphysics
show that a radiofrequency-driven inductively coupled
plasma (ICP) model generates reactive oxygen species,
like O and O2

∗, with densities of 1019–1020 m−3, which sig-
nificantly affect film deposition. As the applied power and
pressures are increased, the electron temperature
decreases and the oxygen ion density diminishes, which
enhances the deposition rate and minimizes defects in
oxide films. Furthermore, as power increases, oxygen
atoms gain energy leading to higher atom excitation, while
increasing pressure declines the total ion flux. Also, the
crystal construction, stoichiometry, and characteristics of
the metal oxide films on polymer foils are affected by the
O/O2 ratio. Based on the numerical model developed in this
article, stoichiometric metal oxide thin films are achieved,
and materials are transferred to polymer substrates at
high rates.

Keywords: oxygen ICP plasma, thin film growth, stoichio-
metry, plasma parameters, deposition rate

1 Introduction

Metal oxide materials, such as copper oxides (CuO and
Cu2O) and zinc oxide (ZnO), have been the subject of exten-
sive research in recent decades for their unique optical,
electrical, chemical, and electronic properties. Copper
oxide thin films (CuO and Cu2O) are p-type semiconductors
that find applications in thin film transistors, solar cells,
supercapacitors, and gas sensors [1]. In addition, ZnO is an
n-type semiconductor with a wide bandgap of 3.3 eV, a high
melting point at 2,000°C, and elevated exciton binding
energy. Due to their non-toxicity, low cost, and ecofriendli-
ness [2], ZnO films are mainly investigated for many appli-
cations, such as solar cells, polymer coating, antibacterial
agents, microelectronics, and optical waveguides [3].
Despite the variety of metal oxide applications, the film
quality, substrate temperature, and control of stoichio-
metry remain challenging issues. Hence, controlled and
more complex processes are required to produce high-
quality metal oxide thin films [4,5].

Thermo-evaporation is easy to use and reasonably
priced but may not be feasible without a high enough tem-
perature and good supply of electricity. Moreover, thin
films cannot adhere effectively to surfaces during thermal
deposition, and their thickness and composition are diffi-
cult to control [6]. In contrast, excellent film uniformity
and composition control are provided by sputtering, which
blasts atoms or molecules out of a target substance using
high-energy ions and then deposits them onto a substrate.
However, it takes time and has complicated equipment [7].
The chemical vapor deposition (CVD) which combines
gases on a surface to form a solid layer can provide exact
control over composition and thickness. Nonetheless, CVD
is expensive, requires specialized equipment, and uses
high temperatures. Additionally, many chemical precur-
sors employed in CVD are extremely hazardous [8].

In comparison, pulsed laser deposition (PLD) offers
distinct advantages over the other deposition methods [9]
with outstanding adhesion, superior quality, and precise
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composition control. It is a very adaptable process and can
deposit a wide variety of materials, including complex che-
micals and multilayer structures with limited stoichiometry
control, high deposition rates, and easy material interchange-
ability. Despite their advantages, these methods utilize higher
substrate temperatures for film deposition and sample post-
treatment on sapphire or glass surfaces.

Solar cells and plastic electronic devices require the
use of pure ZnO or aluminum-doped ZnO films generated
on flexible, thermally sensitive polymer substrates like
polyethylene terephthalate [10]. Hence, different additives
have been increasingly used to enhance film growth, such
as the use of plasmas to produce reactive species during
film deposition [11]. Alternatively, reactive oxygen plasma
at low temperatures is used to enhance PLD, a process
recognized as plasma-enhanced pulsed laser deposition
(PE-PLD) [12]. This technology intends to improve stoichio-
metric control of thin layers from the target material to the
substrate by combining a typical PLD setup with a low-
temperature, electrically generated oxygen plasma. During
deposition, a mixture of ions, atoms, and neutral oxygen
molecules is produced in the background plasma indepen-
dent of interaction with the ablation plume, allowing sur-
face reorganization and preparation. This is beneficial to
prevent the production of oxygen-deficient metal oxide
coatings which can be deposited on flexible plastic sub-
strates without substrate heating or film annealing [13].
Also, metal targets are simpler to manage and cheaper to
produce than oxides or compound targets, and the radio-
frequency (RF) plasma offers more control over the growth
of the film. Further, control of the structure and expansion
of the plume during the process of ablation are feasible,
and the system can also be expanded to include other gases
for achieving more diverse films (like N2 for nitrides) [14].

However, PE-PLD still has some disadvantages, such as
greater expense and complexity, and a restricted deposi-
tion area. So, this field remains under research because of
its intricacy and unclear process definitions. According to
Huang et al. [15], radiofrequency parallel plate discharge is
used as the PLD background. Also, ZnO films are observed
with a (0 02) c-axis direction and higher deposition rates
than the traditional PLD. Scarisorneau et al. [16] have used
an oxygen plasma source to deposit thin oxide films. They
have demonstrated that by altering oxygen plasma beam
relative orientations, different crystal orientations could
be obtained. With the use of a directional RF plasma
beam over a PLD setup, Nistor et al. [17] have demonstrated
that high quality c-axis and a-axis ZnO films can be grown.
This research has focused on the film generation by oxygen
plasma, rather than analyzing or modeling the plasma
properties.

In this work, the method for PE-PLD of metal oxide
films using a heat-sensitive substrate material is presented.
A numerical simulation of PE-PLD with RF inductively
coupled oxygen plasma is performed through COMSOL
Multiphysics [18]. The model using the Gaseous Electronics
Conference radiofrequency (GEC-RF) reference cell is
employed to examine the quantity and type of deposited
oxygen reactive species and to control film crystallization
and stoichiometry of metal oxide thin films. Reactive
oxygen species are investigated to provide insight into
the type and concentration of reactive oxygen species
that contribute to thin film formation. Additionally, dif-
ferent operating conditions, like power and pressure
deposition and temperature, are explored for analyzing
the influence of plasma parameters on oxide thin film
deposition on flexible and thermally sensitive polymer
substrates. The current article focuses on the optimal
operation process for the deposition of metal oxide thin
coatings to achieve higher quality of conductive thin coat-
ings adhering to the polymeric substrate and to enhance
the structure, morphology, and deposition rate of gener-
ated films.

2 PE-PLD process

An experimental setup for PE-PLD for the generation of
ZnO films is presented in Figure 1. In this setup, a focused
pulsed laser beam is coupled to a stainless-steel vacuum
chamber, and the oxygen gas flow into the chamber is
controlled with a mechanical pump. In order to ablate
the ZnO targets (purity, 99.99%; frequency, 10 Hz), the pulsed
laser is operated under the following conditions: pulse
energy, 35mJ; wavelength, 532 nm; pulse duration, 5 ns.

Figure 1: PE-PLD system for thin film deposition.
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This wavelength is commonly employed in PLD using the
Nd:YAG laser system. A quartz window is used to direct the
laser beam at an incident angle of 90° to the target. RF
plasma discharge is produced by connecting a 300W
power supply at 13.56 MHz to the top electrode. The target
and substrate are separated by 6 cm [19]. Indeed, incorpor-
ating oxygen gas into the background atmosphere of PLD
enhances the film oxygen content and crystallization struc-
ture. Plasma plumes generated by lasers travel through the
oxygen background gas and interact with it before being
deposited on the substrate. With background gas mole-
cules, complex interactions occur and oxygen molecules
are dissociated into highly reactive oxygen atoms inter-
acting with the target or depositing on the substrate [20].

3 Numerical model

A simulation of inductively coupled plasma (ICP) model at
low pressure is performed using a 2D fluid model derived
from the continuity equation, the mean electron energy equa-
tion balance, andMaxwell equations. The plasmamodule and
laminar flow are coupled through Navier–Stokes equations
for neutral background gas [21].

3.1 Modeling equations

In terms of electron densities, the continuity equation is
defined as follows:

( ) ·
∂
∂

+ ∇ =n RΓ
t

,e e e
(1)

where t is the time, while ne, Γe, and Re represent, respec-
tively, the electron density, the flux of electrons, and the
term source dependent on different chemical reactions
included in the deposition process [22].

Drift diffusion equations are used to compute the elec-
tron density and average energy of electrons, expressed as
follows:

∇∇= − −n μ D nΓ E .e e e e e (2)

Here, De and μ
e
represent the electron diffusion and the

electron mobility coefficients, respectively, and E is the
electric field.

The energy equation for electrons is given by
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Here, ε and Γε represent the mean energy of electrons
and the flux of electron energy, respectively, and Rε

denotes the source term of electron energy because of
inelastic collisions. The energy diffusivity, energy mobility,
and electron diffusivity are given by
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where Te represents the temperature of electrons.
The mass fractions of non-electron species are calcu-

lated using the following equation:
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where ρ, Mn, and u denote the gas density, the average
molar mass, and the average velocity of the gas, respec-
tively. J

k
, wk , and Vk are the diffusion flux vector, the mass

fraction, and the speed vector, respectively, for non-elec-
tron species k . Zk denotes the charge number, Dk is the
diffusion coefficient, μ

k
represents the mobility coefficient,

and Rk is the source term.
Equations for electromagnetic fields are formulated as

follows [23]:

∇∇ × = iωE B, (9)
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∇∇∙∙ =B 0. (12)

In these equations, i, ε0, μ
0
, and ρ

ext
represent, respec-

tively, the imaginary number, the permittivity of free space,
the vacuum permeability, and the space charge density
expressed on the basis of a chemistry model and given by:
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B is the magnetic field vectors and =ω f2π denotes the
angular frequency, where f represents the electromagnetic
field frequency. K is the dielectric tensor written as

= +
i

ωε

σK 1 ,

0

p (14)

where σp is the plasma conductivity given by
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and ωpe is the electron plasma frequency expressed as

=ω
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Here, ne, me, ϑ , and e represent, respectively, the
period averaged electron density, the electron mass, the
total collision frequency, and the electron charge.

Combining Eqs. (9) and (10), the coil current density
( )sJ

ext
can be calculated as
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where s represents the position along the induction coil,
and the capacitive current flowing through the coil Ic can
be derived from the volume integral of the charge on
the coil
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For neutral background gas, Navier–Stokes equations
are as follows:

Mass conservation:

( )∇ =ρu 0. (19)

Momentum conservation:
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where u, T , ρ, μ, p, I, B, and J represent, respectively, the
velocity, the temperature, the gas density, the viscosity,
the pressure, the density tensor, the magnetic field, and
the induced current density in the plasma.

Species on the surface are determined from their
deposition height [24]:
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h
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where h, R M, , and ρ
b
, represent, respectively, the total

growth height, the surface rate expression, the molecular
weight, and the density of the bulk species.

3.2 Plasma boundary conditions

The electron flow into the reactor wall is determined by:
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where ve,th, KB, and n represent, respectively, the thermal
electron velocity, the Boltzmann constant, and the normal
unit vector. γ

p
is the coefficient of the secondary emission.

Electrons transfer energy to walls through:
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⎝

⎞
⎠v nn Γ

5

6
.ε e,th e

(25)

As a result of surface reactions, heavy species lose ions
to the wall since the electric field is directed toward the
wall [25].

( )[ ( ) ]∙∙ ∙∙− ∙ = + >j M R M e Zμ Z μn E n E n 0 .
k ω k ω k k k k
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Here, ( ∙E n) and ( ∙jn
k
) are the normal components of the

wall of the electric field and the heavy species current den-
sity, respectively. ek and Mω represent the elementary charge
of the species k and themass of the ionic species, respectively.
In addition, the reactor walls are grounded.

3.3 Chemical model

Identification of species and reactions in plasma chemistry
is critical. The species and reaction used for inductively
coupled oxygen plasma enhanced atomic layer deposition
are taken from the study of Christophorou and Olthoff [26].
The chemical model includes electrons and 11 different
oxygen species, such as O2, O, O+, O−, O2

+, O2
−, O*(1D),

O*(1S), O2
*(v), O2

*(1Δ), and O2
*(1Σ). In this case, the O*(1S)

and O*(1D) states are the atomic oxygen exciting states. The
vibrationally excited state of O2 is represented by O2

*(v),
which refers to the O245 state. The excited states of mole-
cular oxygen are given by (O2a1d) and (O2b1s), which refer
to O2

*(1Δ) and O2
*(1Σ), respectively. O3 is not included in the

model since it has a minor effect on these plasma types
[27]. A total of 62 reactions are included in the model [24].
The electron impact reaction rates are given in the study of
Kropotkin and Voloshon [28,29].

The reactor walls neutralize and reflect all the O+, O−,
and O2

+ ions in the plasma. In addition, O*(1D), O*(1S),
O2

*(v), O2
*(1Δ), and O2

*(1Σ) are returned to the ground state
after being de-excited and reflected back into the plasma
after colliding with the wall. A reaction rate of 0.2 is
assumed for atomic oxygen to recombine at the wall to
produce O2 [30].
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3.4 Geometry of the discharge model

Figure 2 (right) illustrates the simulated geometry. Plasma
is confined in a vacuum chamber mounted by a metal
electrode and a five-turn planar copper coil antenna. Using
a quartz cylinder (1 cm thick and 3.2 cm in radius), elec-
trical power is inductively coupled to the plasma volume. A
grounded electrode with a radius of 4.12 cm and made of
stainless steel is used. The quartz cylinder and the lower
electrode are separated by a space of 4 cm. Oxygen gas is
injected into the discharge volume at 400W applied power
with 13.56 MHz sinusoidal frequency and pressures
between 3 and 100 Pa. Figure 2 (left) shows the meshing
of the reference cell with 14,460 triangular elements.

3.5 Computational process

COMSOL Multiphysics is used to implement a 2D axisym-
metric simulation model of ICP generated in a GEC refer-
ence cell reactor [31]. Models with axial symmetry perform
better than their isotropic counterparts. Nonetheless, due
to its inability to scale, the axisymmetric-based approach is
impractical when dealing with large data sets. As a result,
subsampling or providing computationally practical like-
lihood estimates is necessary [32]. It is typically found that
inductively coupled discharges generated at low pressure
provide high charge densities (>1016 m−3) [33,34]. Further-
more, surface anisotropy is achieved with low pressure ion
bombardment, which makes high density plasma sources
appealing. The negative ion temperature is equal to 0.3 eV

when calculating negative ion mobility and diffusivity
since the ions are held within the plasma core, where
they acquire energy from the electromagnetic field at
high frequencies [35,36]. Three steps are involved in calcu-
lating plasma properties. As a first step, the electromag-
netic field inside the discharge reactor must be determined
using Maxwell’s equations. In the second step, based on
these fields, Boltzmann solvers are used to determine elec-
tron energy distribution functions and electron impact
reaction rates. In the third step, on the basis of the reaction
rates, different species of oxygen plasma gas and distribu-
tion of electron density are determined. Finally, electro-
magnetic fields are re-calculated based on the electrostatic
field derived from Poisson’s equation, and the calculation
loop is closed. An iterative process is carried out until a
model is convergent. The model simulation requires a 64-
bit machine with at least 4 GB of memory because of the
large number of reactions and species.

4 Results and discussion

A GEC reactor is used to study inductively coupled plasma-
enhanced plasma laser deposition (PE-PLD). The plasma
discharge is sustained at a temperature of 500 K by oper-
ating at 13.56 MHz [37]. The results of the modeling are
compared with those of the experiments. The influence
of implemented power and gas pressure on the quality of
the metal oxide films is examined in this section. Working
power from 100 to 1,000W and gas pressure from 0.5 to
100 Pa (3 to 750mTorr) are considered.

Figure 2: Cell coupled GEC reference structure (right) and structure meshing of GEC-ICP (left).
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4.1 Validation of the numerical model

Figure 3 shows the variation of electron density with the
applied power at various pressures 0.5, 7, and 14 Pa (3, 50,
and 100mTorr) in inductively coupled oxygen plasma. The
results are compared with the experimental electron den-
sity obtained from the literature [38] using a Langmuir
probe with uncertainty measurements between 5 and
10%. There is a linear relationship between electron den-
sity and power, while a weak decrease of electron density
is observed with pressure. The agreement is good; how-
ever, the chemical model did not adjust experimental che-
mical coefficient rates and there are no inelastic electron
collisions, which can explain the simple disagreement
between simulation and experiment.

4.2 Reactive oxygen plasma

Figure 4 presents the 2D spatial distribution in electron
density, electron temperature, collisional power loss, elec-
tric potential, and velocity field in the discharge volume at
400W power, 10 Pa (75 mTorr) pressure, and oxygen gas.

The maximum electron density is about 1.21 × 1018 m−3

and is located at the center of the reactor under the RF coil
(Figure 4a). Azimuthal electric field shielding occurs and is
high in this case because of the density of electrons. The
temperature of electrons is displayed in Figure 4b. In the
reactor center, the density of electrons and temperature
are elevated, and the dissipated power (Figure 4c) is
increased at 0.77 × 106 W/m3. Most power deposition occurs

at an arc length of 35 mm below the third and fourth coils
of the reactor. Figure 4d displays the distribution of electric
potential, and Figure 4e presents the velocity field, where
gas cannot penetrate deep into the plasma core at these
flow rates. Through the pump, the gas flows down toward
the wafer, then around it, and out to the pump. Gas flow
has a relatively small effect on ICPs which operate at very
low pressures.

The surface distribution of reactive oxygen density at
400W RF input power and 10 Pa (75 mTorr) is shown in
Figure 5. The distributions of charged particles (electrons,
O+, O−, and O2

+) indicate that most of the power is dissi-
pated just below the coil, in front of the quartz cylinder.
The predominant positive oxygen ion is O+, with a max-
imum density of 1.17 × 1018 m−3. O2

+ has a density that is
nearly two orders of magnitude lower. Due to the presence
of a considerable number of negative ions O−, the plasma is
electronegative.

The neutral oxygen atom (O), excited atomic oxygen
species (O*(1D) and O*(1S)), and excited molecular oxygen
species (O2

*(1Δ), O2
*(1Σ), and O2

*(v)) identified in the model
as O2a1d, O2b1s, and O245, respectively, have peak densities
that are two or three orders of magnitude higher than those
of charged particles [39]. In addition, the neutral species dis-
tribution across the inter-electrode gap is more homoge-
neous. These reactive neutral species dominate the impact
of charged particles in PE-PLD, emphasizing higher impor-
tance in thin film deposition. The singlet delta oxygen
O2

*(1Δ) identified as O2a1d and atomic oxygen (O) are chemi-
cally highly reactive. So, in PLDs with an O2 gas background,
these species are critical in thin film deposition.

Plasma plumes as well as background gases react to
create reactive O and O2

*(1Δ) species. As a result, reactive
oxygen species are directly correlated with the ablation
process limiting the control of reactive oxygen species
properties [40].

O− ions have a higher density than O2
− ions, since O2 is

produced by the dissociative attachment reaction (e + O2 →
O− + O) which is greater than the three-body attachment
reaction (e + 2O2 → O2 + O2

−).
Figure 6 illustrates the axial distribution of oxygen

density at 400 W-RF and varied O2 pressures of 10 Pa
(75 mTorr) and 50 Pa (375 mTorr). In Figure 6a, a doughnut
shape is formed by the charged species, which is even
more localized in front of the quartz cylinder in the 10 Pa
case. In Figure 6b, the reactor-averaged density of all
charged species is higher at 50 Pa than at 10 Pa. Reactive
neutral oxygen atom species have lower peaks, and reactor
average densities are reduced by a factor of 10 orders for O.
The maximum oxygen species densities are localized under
the quartz window.

Figure 3: Variation of numerical and experimental electron densities
with the applied power in RF-inductively coupled oxygen plasma.
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Figure 4: 2D distribution of (a) electron density, (b) electron temperature, (c) collisional power loss, (d) electric potential, and (e) velocity field.

Numerical modeling of enhanced reactive oxygen plasma in PLD  7



Figure 5: Surface distribution of reactive oxygen plasma (electron, O2, O, O2
+, O+, O2

−, O−, O*, O2
*(1Δ), O2

*(v), and O2
*(1∑)) in 10 Pa oxygen gas at 400 W

in a GEC-ICP reactor.
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O2
*, O*, and O are no longer homogeneously distrib-

uted across the reactor. They are localized in the same
region as the charged species. During the PLD process,
the oxygen content is optimized by exploring these differ-
ences in density with pressure.

During deposition, oxygen atoms are generated by
both the target and collisions in the plasma plume and
have a greater oxidation power compared to molecular
oxygen [41]. Figure 7 shows the evolution of oxygen atoms
O and electron density under various pressures. Figure 7a
shows that the electron density varies linearly with pres-
sure. Figure 7b shows that with increasing pressure, the
oxygen atom density increases and then decreases.

To explain more the variation of atomic oxygen density
with pressure, the pressure is varied between 3 and 100 Pa
(22–750mTorr), which is a suitable domain to activate the
deposition substrate. Figure 8 displays the density distribu-
tion of oxygen atoms and metastable molecular oxygen close
to the metal electrode. It indicates that the O2

* density
increases from 4 × 1013 cm−3 to 1 × 1015 cm−3 when the pres-
sure is increased from 3 Pa to 100 Pa. In contrast, O exhibits a
different behavior with pressure, varying between 3 ×

1013 cm−3 and 2 × 1014 cm−3, with an elevated density at
10 Pa (75mTorr) and the lowest at 100 Pa. Hence, the domi-
nant species at 3 Pa is O, which has a density that is twice as
high as O2

*. By increasing the pressure to 100 Pa, the

Figure 6: Axial density distribution in reactive oxygen gas (electron, O2, O, O2
+, O+, O2

−, O−, O*, O2
*(1Δ), O2

*(v), and O2
*(1∑)) with 400 W input power for

(a) 10 Pa and (b) 50 Pa.

Figure 7: Radial distribution of (a) electron density and (b) atomic oxygen density for different pressures.
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dominant reactive species is O2. This change in reactive
oxygen species impacts on thin film properties. A similar
result is found in simulations by Blackwell et al. [42], wherein
the crystal composition, stoichiometry, and quality of metal
oxide films are affected by the O/O2 ratio.

The plasma medium has a high density of ionized par-
ticles which affects its diagnosis. Figure 9 illustrates the
radial distribution of charged and metastable species of
oxygen gas with 400W input power at 10 Pa (75 mTorr)
and 50 Pa (375 mTorr). The peaks of reactive ion oxygen
density increase with pressure. Also, with increasing pres-
sure, the ion drift flux depending on the electron tempera-
ture and the diffusion flux of ions decline together,
resulting in a decline of the total ion flux.

Figure 10 shows how charged, neutral, and metastable
oxygen species density evolve with applied power. In
Figure 10a, electron densities vary linearly with power.
This trend is also supported by experiments [43]. According
to Figure 10b, increasing the power values under the RF
coil increases the density of excited oxygen atoms and
oxygen molecules. Increasing power causes oxygen atoms
to gain energy, leading to higher atom excitation.

The electron temperature and ion density are impor-
tant parameters influencing the deposition of oxide thin
films. The electron temperature is proportional to bom-
bardment energy, causing oxide films homogeneity defect.
Furthermore, ion density affects the deposition rate.
Hence, the oxygen ion density and electron temperature
in Figure 11 are displayed as functions of power and pres-
sure in the middle of the reactor. Figure 11a illustrates the
applied power affecting the ion density and electron tem-
perature at 10 Pa (75 mTorr). As the applied power
increases between 100 and 600W, the oxygen ion density
increases and the electron temperature decreases.
Increasing power causes higher ionization rates, which
result in a plasma rich in electrons and ions. While a
decline in the electron temperature is observed in the
plasma zone because of energy loss [44,45].

According to Figure 11b, when the pressure varies
from 10 to 40 Pa (75 to 300 mTorr), the oxygen ion density
increases, while the electron temperature decreases.
Furthermore, the oxygen density in the plasma region
becomes higher as the pressure rises. As collisions increase
at high pressure, particles per unit volume increase [46,47].
A proportional increase in collision rate with pressure
results in energy loss by collisions, which lowers the tem-
perature of electrons. There is an agreement between these

Figure 8: Density distribution of O2* and O with pressure in front of the
lower electrode.

Figure 9: Radial distribution of (a) oxygen particles and (b) metastable oxygen particles for different pressures at z = 0.02 m with 400 W input power.
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results and those of Ojeda et al. [48] in terms of density and
electron temperature.

A simulation of oxide film growth rate in response to
applied power and gas pressure is presented. Figure 12
shows how applied power affects ZnO film deposition rates
for different operating pressures. With increasing power
and pressure, the deposition rate increases almost line-
arly [49].

4.3 Correlation analysis

This article focuses on the growth of metal oxide thin films
on a polymer substrate through PE-PLD to overcome some

limitations of the conventional PLD method, such as the
need to use multi-element targets and elevated substrate
temperatures. The standard PLD setup with a metal target
will be combined with an electrically produced low-tem-
perature oxygen background plasma. Crucially, oxygen
plasma is a pulsed non-equilibrium plasma to maintain a
low temperature, which prevents the substrate from being
significantly heated by the plasma’s conductivity and
enables the deposition of coatings onto delicate substrates.

The results show that the direct contact between the
active plasma and the ablation plume results in more reac-
tive, energetic plasma particles impinging on the substrate,
instead of an afterglow plasma beam. In contrast, in the
plasma beam assisted PLD system presented by Dinescu

Figure 10: Radial distribution of densities of (a) oxygen particles and (b) neutral oxygen particles for different powers at z = 0.02 m with 10 Pa
pressure.

Figure 11: Ion oxygen density and electron thermal distribution in films deposited by PE-PLD under different (a) applied powers and (b) pressures of the ICP.
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et al. [17], an additional oxygen plasma beam impinges on
the substrate to form ZnO films. This system provides high-
quality ZnO films only when combined with 800 K sub-
strate heating.

In addition, since these particles aremore energetic in PE-
PLD than an afterglow plasma or a neutral background gas,
where electrons present a high temperature proportional to
the energy of bombardment of the substrate, their diffusion
lengths are longer, resulting in more crystalline films [50].

A background plasma plume also provides particles
for a longer period of time than a laser-produced plume.
As a result, polycrystalline films can be deposited at room
temperature because incoming particles are more likely to
find good sites on the surface for crystalline growth. Our
results are in accordance with the work of Tricot et al. [51],
which concludes that using pulsed-electron beam deposi-
tion systems delivers plasma species to substrates for much
longer periods of time than conventional PLD systems.

In addition, De Giacomo et al. [52] studied TiO2 films
made via PE-PLD, while Huang et al. [15] reported ZnO
films deposited at ambient temperature using the RF-PE-
PLD technique. These systems similar to our work use a
plasma backdrop to decrease the droplets in the PLD
plume rather than using the background plasma to provide
oxygen for the film.

5 Conclusions

The use of PE-PLD for metal oxide thin film deposition is
presented in this article. Cold oxygen plasma is used

instead of neutral gas to enhance process control and
check polymer stability issues. A two-dimensional model
of an RF-inductively coupled oxygen plasma is developed
using COMSOL Multiphysics to understand the dynamics of
inductively coupled oxygen discharge. The electron den-
sity, electron temperature, electric potential, as well as
oxygen ion and excited oxygen atom densities are calcu-
lated inside the GEC-ICP reference cell reactor. According
to simulation results, a low-pressure RF-ICP plasma gener-
ates significant quantities of reactive oxygen species
including O and O2, at densities of up to 1019 m−3, compared
to a conventional oxygen gas background. Due to the
similar density of these plasma plumes and background
plasma, it appears plausible that similar rates of oxygen
and metal deposition can result. The temperature of elec-
trons is proportional to the energy of bombardment. As a
result, the substrate receives chemical energy from the
oxygen plasma to enhance the growth of the film without
the need for further substrate heating. PE-PLD has compar-
able stoichiometry and crystallinity to PLD, but it does not
heat the substrate and uses pure metal targets instead of
metal oxide ones. Metal oxide films were polycrystalline,
and their stoichiometry could be adjusted by adjusting the
ICP power. The results show that densities of electrons,
excited oxygen atoms, and oxygen ions increase with
power. However, the electric potential and electron tem-
perature decrease as the input power increases and
increasing power causes oxygen atoms to gain energy,
leading to higher atom excitation. Moreover, the oxygen
gas pressure plays a crucial role in determining the proper-
ties of films. As the pressure increases, the oxygen ion
density increases and the electron temperature decreases,
which enhance the deposition rate. In contrast to O2, the O
density decreases at pressures above 10 Pa .

The film deposition is significantly affected by reactive
species O and O2, and the results show that with increasing
power and pressure, the deposition rate increases almost
linearly.

PE-PLD is a powerful method with a wide range of uses in
several domains. Its accuracy and adaptability make it a useful
instrument for engineers and researchers, propelling develop-
ments in fields like technology, healthcare, and energy.
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