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Introduction to the Thin Layers

Thin-film deposition comprises a set of vacuum and plasma-based manufacturing techniques used to
create functional surface layers—typically from a few nanometers up to several micrometers thick—on
a wide range of substrates. These coatings are a cornerstone of modern high-tech industries be-
cause they can tailor surface properties (electrical, optical, chemical, mechanical, or biological) while
leaving the bulk material unchanged, enabling performance gains without redesigning the entire com-
ponent Among the most widely used approaches is Physical Vapor Deposition (PVD), where a solid
source (target) is converted into a vapor (or plasma) phase and transported through vacuum to form
a thin film on the substrate. In practice, PVD is a family of methods (e.g., sputtering, evaporation,
pulsed-energy techniques), each defined by a characteristic energy transfer mechanism, process window,
and resulting film microstructure and composition control. Because film properties strongly depend
on process parameters (energy input, pressure, substrate temperature, source-substrate distance, and
gas composition), selecting and optimizing a deposition technology is central to achieving repeatable
functional coatings. Ionized Jet Deposition (IJD) is a pulsed-energy PVD technique based on pulsed
electron-beam ablation of a target, generating a plume of ablated species that subsequently forms
a thin film on the substrate. The electron pulse is generated in a hollow-cathode configuration and
shaped/assisted by an ionized working-gas flow (including through a De Laval nozzle), which supports
the creation and transport of a dense, directed pulsed electron beam toward the target. IJD is a suc-
cessor of channel-spark deposition, with an optimized geometry (notably relocating the hollow cathode
close to the target) intended to reduce energy losses, improve robustness, and enhance deposition per-
formance and controllability. A key industrial driver for IJD is the ability to deposit complex materials
while targeting stoichiometric transfer from target to film, combined with a process concept positioned

for fast, reliable, and low-temperature thin-film growth across laboratory to industrial scales.

1 Theory behind IJD Technology

1.1 Introduction

The resulting properties of the thin films prepared by different deposition techniques are influenced by
many different aspects. Each deposition technique have its unique set of deposition parameters which
define capability of the given method to prepare thin films of particular type and composition. In
this section, the IJD deposition parameters are introduced, with closer attention given to acceleration
voltage, distance between target and substrate, substrate temperature and target properties (density,
heat conductivity and chemical composition).

The rest of the deposition parameters, which are monitored during each deposition process per-
formed by IJD includes deposition time, frequency of electron beam pulses, working gas, type of
substrate, cleaning pressure, working pressure and distance between the target surface and the bottom
of equipotential space/flight-trough cathode.

The Ionized Jet Deposition method was developed during the last decade by the team of Italian
company Noivion srl. The IJD is a physical vapor deposition method which uses a special configuration

of pulsed electron beam for target ablation. Novelty of this methods requires a complex approach



to development of brand new deposition processes. It is worth to notice that the IJD method has
some common attributes with other deposition techniques, such as pulse laser deposition, magnetron
sputtering and mainly channel spark deposition. Information from deposition processes prepared for

these methods has been used as the basis in creating the deposition process for 1JD.
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Figure 1: Schematic of channel-spark electron beam source; in the picture, K marks the hollow cathode,
A - anode, C - capacitor, HV - the negative port of high voltage generator, T - target, S - substrate,
and D - dielectric tube. [1]

The IJD method is a direct successor of so-called channel spark deposition method. Schema of
the latter is shown in Fig. 1 Channel spark method also uses pulsed electron ablation to vaporize the
target [2]. However, the overall design of the two methods differs, and, in case of I1JD, it is optimized
to achieve better deposition and utility properties. The main difference consists in the displacement
of the hollow cathode which serves as the main source of electrons needed for target ablation. In the
case of IJD, this cathode is moved in a close vicinity of the target, the arrangement thus minimizing
undesired energy losses see Fig. 2. Also, placing the cathode close to the target eliminates the need
of using dielectric tube, which serves in the channel spark deposition as the electron supply channel
to the target. This supply tube has to be frequently replaced after certain deposition time due to
its clogging with the deposited material. Overall, IJD offers a more mechanically robust system that
provides a better deposition performance than the channel spark deposition due to the improved system
geometry. The higher deposition performance in this context means the better energy transfer between
the deposition system and the target which results in a faster and more controllable process of thin

films preparation.

1.2 1JD Deposition Process

The key working tool of IJD method is the pulsed electron beam generated in the IJD source (Fig. 2).
The whole IJD source is located in vacuum chamber and operates at the pressure between 10~4 mbar
and 102 mbar kept inside the vacuum chamber. During the deposition, the pressure inside the source
itself is around 1 mbar. As shown in Fig. 2, the selected working gas is flowing trough the source from
the right side, from the gas inlet, to the deposition target located at the left side of the picture.

The electric arc ignited in the cathode cavity between the trigger electrode located in the center and
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Figure 2: Schematic view of IJD source [3]; the letters A,B,C and D indicate electrical connections (B,
D) and groundings (A, C)

the wall creates the primary electrons. The cathode cavity wall and the equipotential space/flight-
trough hollow cathode (shown on left side of Fig.2) are both set at a high negative potential(—10kV
to —25kV’). The trigger electrode in the cathode cavity is gradually brought to the ground potential.
This potential change is done by suitable resistors. The electric arc is ignited when the potential
difference between the trigger electrode and the outer wall is over the break down voltage (1,5KV) of
the flowing gas mixture.

The primary plasma created in the cathode cavity is kept at a slightly higher positive potential
than the equipotential space/flight-trough cathode wall. This potential difference is controlled by the
positive potential of the trigger electrode in the cathode cavity. The produced plasma then propagates
and expands toward the equipotential space/flight-trough cathode by passing the intermediate De Laval
nozzle. The latter creates a laminar flow of the working gas ionized by the primary electrons during
their propagation toward the equipotential space/flight-trough cathode. The positively charged ions
from the working gas effectively shield electrons in the plasma, allowing thus to increase the electric
current density compared to other methods, using electron beams in vacuum. The increase is from mA
up to kA. The laminar flow of working gas ions also drags surroundings electrons, effectively acting
as a pinning done by magnetic field used in channel spark deposition method.

When the plasma arrives into the equipotential space/flight-trough cathode the latter starts to
behave as an ordinary hollow cathode [4] (Fig.3). Electrons start to oscillate between the walls and
the cathode axis, where the potential level is more positive due to the spacial expansion of the anode
potential in to the cathode volume. The oscillation of electrons starts to create secondary electrons by

avalanche ionization of the working gas. When the overall amount of electrons generated by the hollow



cathode effect increases enough, an arc toward the target is ignited, in accordance with the Paschen
law (Fig. 4).
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Figure 3: Schematics of hollow cathode effect; 1-hollow cathode, 2-grounded anode, 3- area of positive
charge near the walls, 4-plasma channel, 5-electron trajectory, A,C-electric connections, D-diameter of
the hollow cathode, d1,d2,d-characteristic distances [4]



The Paschen law describes the dependence of breakdown voltage on the pressure and distance between
two electrodes (1). The IJD source operates generally at the pressures corresponding to the left side

of the Paschen curve with respect to the minimum of the curve shown in Fig. (4).

aPd
V= opd) S

Here V is the breakdown voltage [V], P is the pressure [bar], d is the distance between electrodes
[mm] and a and b are constants reflecting the actual gas composition [5]. In case of ambient air, the
constants are a = 43.6 * 10°[V/(bar * m)] and b = 3.62 * 10°[1/(bar x m)]. For IJD system, the typical
pressure P = 1x1073[bar] and the distance between the equipotential space/flight-trough cathode and
the target (which are the Paschen electrodes in this system) is d = 3 1073[m]. After substituting
these values into the equation (1), the IJD breaking voltage V' ~ 10[kV] is obtained. This value is in a
good agreement with the voltage values measured on a real IJD system. Table 1 then gives summary

of other key parameters characterizing typical IJD pulsing source [6].
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Figure 4: Paschen curve providing dependence of the breakdown voltage on the product of pressure
and distance [5]

The arc creates a conductive plasma channel towards the target, however, if a source (in this case
an IJD source) is connected to the circuit providing such an amount of electrons that it exceeds the
capacity of the plasma channel, a charge double layer will form [7]. The charged double layer is in
balance with the difference in electrical potential inside the plasma (Fig. 5), such situation can be
achieved when the mobility of electrons is higher inside the plasma channel than in the rest of the
electric circuit, and when the electric charge capacity of the plasma channel is exceeded. Thus, as a
result, in one side of the channel a surplus of electrons, and on the other side their shortage appears,
the situation which effectively creates an electric potential. This potential difference increases the

energy of electron beam accelerated toward the target surface and causing its ablation.



Table 1: Characteristic IJD pulse parameters (unpublished data Noivion srl. and [6])

Discharge voltage < 30kV
Electric efficiency 30%
Gas pressure 1% 10 3mbar
Discharge time 200 — 1000ns
Frequency of pulses 5 — 600H z
Maximal electron energy in the beam < 15keV
Total electron current < 3.5kA
beam diameter at target 0.5 —2mm
Current density <10°A/em?
Power in the beam < 440MW
Power density in the beam < 14MW/em?

Figure 5: Picture of the double layer emitted from the hollow cathode; the negative charge region
appears darker than the positive charge ones, due to the greater emission of light photons by positive
ions comparing the photon emission from the negative electronic cloud [§]

The plasma of the target material created by the ablation then expands trough the equipotential
space/flight-trough cathode. There are two openings in the cathode. One is in the bottom part, facing
the target and the second one in the top part facing the substrate. These two openings in the cathode
are used to produce a cone-shaped plasma plume with the apex angle ca. 30° (Fig. 6). Within this
cone, the plasma plume should be highly homogeneous, without clusters created during the ablation

process on the surface of the target. These clusters are mostly solid particles ripped from the target.
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Figure 6: Schematic of the plasma plume ablated by the IJD source from the target (green)|3]

1.3 Ablation Process

The term ”ablation” means generally a removal of something by its vaporization. In case of thin film
deposition methods, the ablation of the target material in explosion-like manner, by a source generated
particles with sufficient energy. These particles are ions in the case of magnetron sputtering, photons
for pulse laser deposition, or electrons when a pulse electron source is used. Further on, we will focus
only on ablation of material by means of pulsed electron beams. For the electron beam ablation, the
energy of incoming electrons is crucial, since it has a strong influence on the penetration depth of
electrons in the target material. For electrons within the energy range lkeV < E < 20MeV, the

penetration depth § [wm] can be calculated using the approximation [9]

(2)

0~537E <1 0.9815 > 1
p

 1+0.0031E

Here p [g/cm?] is the target mass density, and E [eV] is the energy of the incident electron beam.

The physical mechanisms influencing the actual penetration depth value involve mainly Coulom-
bic interactions, inelastic electron scattering on ionic cores and emission of secondary electrons and
photons. A part of incident electrons can be also elastically/inelastically reflected. The probability
for Coulomb scattering to occur is very large. Due to the Coulomb scattering, the electrons interact
with the solid material in a zigzag manner, and the energy transfer to the target is not uniformly
distributed along the entire penetration depth. The total power absorption per unit volume of the
target (Ppaz[W/cm?]) and its spacial dependence P(z) can be approximated by the relations (3) and
(4) derived in [10].



Pous — %(1 _ k)U% (3)
P(z) 9/z 1\’
Pmaa:14<63) (4)

Here j [A/cm?] is the electron beam current density, z is the depth in the target along its surface
normal, U [eV] is the electron beam energy and k is the reflection coefficient. The normalized power

absorption course calculated using the relations 3 and 4 is shown in Fig. 7.
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Figure 7: Normalised absorbed power of electron beam along the depth below the target surface z [6]

The target material is vaporized anywhere along the beam path where the absorbed specific en-
ergy exceeds, or is equal to the evaporation heat. This process is heavily influenced by the thermal
conductivity of the target. A lower thermal conductivity of the material can help concentrate enough
absorbed energy at one spot, sufficient to overcome the evaporation threshold before the energy is
relaxed away in form of heat. Thus, a prevailing part of the energy loses occurring during the ablation
process is due to the heat flow in the bulk increased further by the energy absorbed at the locations
where the evaporation thresholds is not reached.

The electron beam carries a minimal momentum but a lot of energy to the target, making possible
the ablated material to leave the target surface along the normal direction to the surface. The angular
distribution of the material measured in ref. [6] approximately follows the distribution cos?®(«) where
a denotes the emission angle with respect to the surface normal (Fig. 8).

This incident material distribution results in the growing film thickness distribution on to the
substrate to be proportional to the cos®5(a). As mentioned in the previous section, the IJD method
uses plasma plume with the apex angle ca. of 30° which guarantees the film thickness deviations lesser
than 10% (Fig. 9).
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Figure 8: Normalized angular distribution of target material ablated by IJD source [6]
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Figure 9: The typical normalized distribution of the growing film thickness as function of the deviation
from the IJD plasma plume axis (typically parallel to the sample surface normal) [6]



1.4 Plasma Plume Propagation Between Target and Substrate

Plasma created during the ablation process is the main source of material for the growing thin film.
The plasma plume is propagating along the direction perpendicular to the target surface. Since ions in
plasma undergo several energetic changes during their travel from target to the substrate, the plasma
propagation can be divided into the following four stages [11] (Fig. 10).

The first stage consists in creation of the plasma plume during the ablation process itself. Duration
of this phase is governed by duration of the electron pulse. The energy of electrons is transformed into
the internal energy of plasma. The height of the plasma plume during this phase is typically under
1 mm .

During the second phase of plasma propagation toward the substrate, most of the plasma is ejected
along the target surface normal. The exact direction of the plasma expansion in governed by its internal
pressure. Since the generated plasma is created inside the target bulk, the only direction along which
it can expand is close to the direction opposite to the incoming electron beam. From other sides the
expanding plasma is bounded by the target mass. These conditions result in the ejection of plasma
perpendicular to the target surface. Moreover, the density of plasma is much higher than the density
of the residual gas in the chamber, and the ejection process is thus not affected by the surrounding
atmosphere influence. The distance which plasma travels in this phase is around 10 mm.

In the third phase, the atoms and ions in plasma start to collide with atoms of the background /working
gas. As a result, the energy of plasma starts to change, the latter effect influencing the mean free path
of the carried particles. The ablated atoms create, trough mutual interactions with the gas atoms, the
so-called ”snowplow effect” resulting in dragging the gas atoms towards the substrate. This effect may
be important during a reactive deposition when the plasma atoms chemically react with the working
gas atoms to create the desired chemical composition of the growing film. Preparation of titanium
nitride from a pure titanium target and nitrogen used as the working gas can serve as an example.
During this phase, the plasma and the dragged atoms decelerate, and decrease their kinetic energy.

The expansion of plasma propagation reaches distance around 100 mm from the surface of the target.
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Figure 10: The four phases of plasma plume propagation described in text [11]

The last phase occurs when the directional velocity of the plasma plume is comparable with the
thermal velocity of its constituting atoms. The expansion of the plasma plume almost stops. For a

standard deposition process, the distance the plasma plume reached (marked further on as L) is the
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ideal position where the substrate should be placed [11]. The theoretical model proposed in [12] can
be used for finding this location. The model treats the ablation process as the adiabatic one. Ny
atoms is ablated per unite time and volume, with the initial average velocity vy and scaling distance
Lg considered as function of the particular ablation process and gas atmosphere parameters. The
main phenomena elucidated in this model is the transfer of kinetic energy from ablated atoms to the
thermal energy of plasma mixed with working gas particles. During the process, the total momentum
and energy is assumed to be conserved. As the result, the directional particle velocity v and the
thermal velocity v can be estimated and calculated following the relations 5 and 6 (For more details
of the model see [12]).

Y1 +a®)t (5)

Vo

o= a0 ) (14 )] (6)

Here, n = M/m is the atomic mass ration between the target material and the gas particles and

x = L/R is the normalized propagating distance. The symbol R marks the distance where the moving
set of particles consists of equal mass of gas atoms and target material atoms. The intersection of the
velocity functions v(z) and vr(x) defines the location where the thermal velocity and the directional
velocity of the plasma are equal to each other, thus providing estimate to the distance Ly (Fig. 11).
Usually however, this location is found and verified experimentally. It is safe to assume that the
distance Lg is the location where the most homogeneous thin films are grown. Said homogeneity is
achieved due to the ideal energy level of the arriving particles, which is not to high to cause the film

damages, but also sufficient for non-thermal activation of the substrate surface [11].
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Figure 11: Graph of directional velocity v and thermal velocity vy in dependence on normalized
distance; the value Ly is given by the intersection of both velocity curves [11]
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