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Abstract: A theoretical model is proposed that allows us to describe the processes of formation of
the sputtered atom flow, transport of this flow in the target-substrate space and deposition of the
substance onto the substrate during magnetron sputtering. The main difference between the
presented model and the existing ones is the combined consideration of the spatial distribution of
sputtered atoms and the temperature gradient in the working chamber during magnetron
sputtering at high power. To verify the model, real technological parameters of deposition of metal
films by magnetron sputtering were used, optimized to achieve a high film growth rate. The
agreement between the calculated film thicknesses obtained as a result of modeling and the
experimental data was no worse than 5% at discharge powers in the range of 100-700 W.
Comparison of the experimental data with the simulation results showed that the model adequately
describes the sputtering processes at high discharge powers and low pressures, in contrast to
approaches that do not take into account the temperature gradient in the working space.

Keywords: metal film growth; magnetron sputtering; modeling; high discharge power

1. Introduction

Magnetron sputtering is one of the common methods for producing thin-film coatings for the
needs of modern electronics. This method is used to form contact layers on the surface of
semiconductor circuits, resistive films of hybrid microcircuits, magnetic films, low-resistance
contacts, to create new multicomponent thin-film materials, etc. [1-5]. Unlike other methods of film
deposition, the magnetron sputtering method allows for fine regulation of the thickness of the metal
layer, and hence its resistance, which is very important when creating structures with a certain
conductivity. The adhesion of metal layers to the substrate in films obtained by magnetron sputtering
is significantly higher than that of the same films obtained by thermal vacuum deposition, at
comparable coating growth rates. This is due to the higher energy of condensing particles during
magnetron sputtering and additional activation of the substrate surface by the action of plasma.

The properties of thin films (crystallite sizes, defect density, stoichiometry of the film
composition and presence of secondary phase inclusions) depend to a significant extent on the
conditions under which the coating grows. The characteristics of the gas discharge [6-8], the
component composition of the sputtered target [9], the pressure [10] and composition of the working
gas [11], the distance between the cathode and the substrate [12] are the main factors that determine

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202412.1095.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 December 2024 d0i:10.20944/preprints202412.1095.v1

the process of transfer of sputtered atoms in the target-substrate drift space, and, consequently, the
final properties of the resulting coating.

The physics of gas discharge and sputtering of various targets has been studied and described
in the literature quite well [13-17] and, as a rule, in the case of using standard technological
installations for ion-plasma deposition of thin films, does not require separate consideration. The
same cannot be said about the processes of transport of sputtered particles through a gaseous
medium and condensation on a substrate. These processes are individual [18,19] when sputtering
various materials and they will determine the properties of the deposited coating, therefore their
study allows us to propose new technological approaches [20,21].

Modeling the processes of transfer of sputtered atoms through a gas medium in the drift space
"target-substrate" allows us to estimate the energy characteristics and quantitative ratios of the
components arriving at the substrate depending on the process parameters: gas discharge energy,
pressure and composition of the working gas, geometric dimensions of the sputtering system. Thus,
by modeling the processes of transport of sputtered atoms, it is possible to determine the ranges of
process parameters within which it is possible to obtain films with specified characteristics.

All processes occurring during magnetron sputtering can be divided into three main stages:
formation of a flow of sputtered atoms, transfer of the substance from the target to the substrate, and
deposition on the substrate.

As a result of penetration of the bombarding ion into the target material, a cascade of binary
elastic collisions of displaced atoms occurs, in which an exchange of energy and momentum occurs
between the atoms. The final result of the collision cascade can be the transfer of sufficient energy
and the necessary momentum to the surface atom to overcome the forces of its bond with the surface
[22-24].

After leaving the target, the sputtered particles experience collisions with particles of the
working gas, losing their energy and changing the direction of movement; some of them may return
to the target or diffuse to the walls of the working chamber [25,26]. Modeling the process of transport
of sputtered atoms through a gaseous medium from the target to the substrate allows us to determine
the intensity of the flow of sputtered particles reaching the substrate, their distribution by energy and
the angle of incidence on the substrate.

Atoms of the working substance, moving from the target to the substrate, undergo scattering
associated with collisions with atoms of the working gas and the chamber walls, as well as with each
other. Depending on the pressure in the chamber, two mechanisms of substance transfer are
distinguished: ballistic and diffusion [27,28]. The ballistic mechanism of particle transfer is observed
at low pressures of the working gas, when the target-substrate distance is less than or comparable
with the mean free path of the sputtered atoms. In this mode, collisions of sputtered atoms with the
working gas and with each other can be neglected [29-31]. An increase in the pressure in the chamber
leads to an increase in the number of collisions of sputtered atoms with particles of the working gas.
As a result, the atoms lose their initial energy and reach the substrate due to diffusion through the
gas medium. This mechanism of substance transfer is called diffusion [32-34]. When assessing the
number of particles reaching the substrate, it is necessary to take into account both the diffusion and
ballistic components.

Estimation of the number of atoms reaching the substrate is a key point for determining the
thickness of the formed film and its uniformity [26-28]. Often, when modeling the magnitude of the
flow of sputtered particles reaching the substrate, assumptions are used that simplify the calculation,
but lead to a decrease in accuracy [28-30]. Among such assumptions, firstly, the position that the
spatial distribution of the sputtered substance near the target obeys the cosine law [27], which is true
for high energies of sputtering ions [31]. However, at energies of bombarding particles below 1 keV,
the distribution of sputtered atoms can deviate significantly from the cosine law, which greatly affects
the final number of atoms reaching the substrate [35]. The second assumption considers that the gas
temperature is constant throughout the entire space of the working chamber [32-34]. This approach
provides good calculation accuracy at low gas discharge powers; however, with increasing power, a
divergence of the experimental data and the results of modeling the thickness of the deposited film
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is observed. This is due to the fact that at high discharge powers, bombardment of the target with
high-energy ions leads to its heating, as well as to an increase in the energy of the sputtered atoms.
Both of these factors have a significant effect on the temperature of the gas environment: the target
temperature directly, and the energy of the sputtered atoms through collisions with gas particles
depending on the pressure. In addition, the substrate can also participate in the heating of the gas if
it itself is heated by the condensing particles. This factor must be taken into account if the sputtered
particles reach the substrate in a collisionless mode.

In works [33,34], a model for calculating the film thickness is proposed based on an estimate of
the number of sputtered particles reaching the substrate. The model takes into account the spatial
distribution of sputtered atoms, which differs from the cosine law that allows the film thickness to be
calculated with good accuracy in the pressure range from 1 to 10 Pa and at discharge powers of up
to 300 W. The gas temperature in these works was assumed to be constant throughout the entire
space of the working chamber. In works [36-38] an approach to calculating the gas temperature in
the target-substrate space depending on the discharge power and pressure is considered. The authors
of works [39-41] calculated the thickness of the deposited film in the pressure range of 1-10 Pa and
at powers of up to 250 W taking into account the temperature gradient of the gas in the working
volume. Note that these works do not consider the dependence of the spatial distribution of sputtered
atoms on the process parameters. In addition, it is assumed that the gas is heated primarily due to
energy transfer during collisions of sputtered and gas particles.

Thus, today, a model describing the processes of sputtered particle transport to the substrate in
a wide range of discharge powers and working gas pressures, and taking into account the spatial
distribution of sputtered atoms, different from the cosine law, the dependence of the gas temperature
on the target-substrate distance and the effect of the target and substrate temperatures on it, has not
been proposed.

In this regard, we present a model capable of giving an accurate result when calculating the
thickness of a metal film deposited in wide ranges of discharge powers. To verify the model, real
technological parameters of deposition of metal films by magnetron sputtering were selected. These
parameters were optimized to achieve a high film growth rate without deterioration of the coating
uniformity. According to our data, this is the first successful attempt to model the thickness of films
deposited at high discharge powers and low working gas pressures with an accuracy of no worse
than 5% in comparison with the experimental data.

2. Experiment

Chromium (Cr) films were deposited by direct current magnetron sputtering of a 50 mm
diameter metal target (99.999% purity, produced by Hyrmet, Russia) using a Robvac VSM300 setup
(Russia) onto 30x25x1 mm non-heated glass substrates. The sputtering process was carried out in
pure argon (Ar) (99.999% purity, produced by Linde Gas Rus) at a pressure of 0.26 Pa, in the power
stabilization mode, the discharge power was 100, 300, 500 and 700 W. The deposition time was 600 s,
the target-substrate distance was 90 mm. The edge of the substrate, corresponding to zero along the
x-axis, was aligned with the center of the substrate holder, which corresponds to the maximum flux
density of the deposited atoms. The thickness of the obtained films was measured using a Dektak 150
profilometer (Veeco Inc., USA) by recording the height profiles. On each sample, the thickness of the
chromium film was measured at four points with a step of 1 cm, starting from the projection of the
magnetron symmetry axis on the substrate and ending at a distance of 3 cm from it.

3. Description of the Model

The paper considers the geometry of a real magnetron sputtering system with a planar
configuration. The water-cooled target has a disk shape and is located parallel under the substrate.
Figure 1 shows the geometry of the sputtering system under consideration and the target sputtering
zone, the parameters used in the calculation are indicated, and the particle motion trajectories are
shown separately for the ballistic and diffusion modes of matter transfer.
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Figure 1. Geometry of the sputtering system used in modeling and in experiment.

In the Figure: & is the shortest target-substrate distance, 0 is the angle between the direction of
propagation of the atoms and the normal to the target surface, r1and r2is the external and internal
radius of the target erosion zone, daitris the distance from the source element to the place of deposition
of the material during the diffusion transfer of the substance, dval is the distance from the source
element to the place of deposition of the material during ballistic transfer of the substance, ¢ is the
angle between the I and 7, where r is the radius-vector from the center of the target to the sputtered
area, | is the projection of the radius-vector from the center of the target to the atomic deposition area.
dStand dSsare the elementary areas of the target and substrate.

3.1. Target Sputtering

The total number of atoms sputtered from the target was calculated using the formula [42]:
: ry f(x)
(x = ' o0 ’ 1
e (i 1) (1+7e) | fx)dx M
0

where | is the discharge current, Y is the sputtering yield taken from [23], y__ is the secondary
electron emission coefficient taken from [24], f(x) is the distribution function that is double semi-

Gaussian by coordinate x:

1 (x—f{)z _
exp| - 5— |for x<R
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where R is the middle radius of erosion area; A, 4,, A are the standard deviations in the

distribution of the flow of sputtered particles.

3.2. Transfer of Working Substance

The total flow of sputtered atoms reaching the substrate is the sum of the diffusion and ballistic
components, the ratio of which depends on the working gas pressure and the discharge
characteristics:

Je = Joar + Jaise> 3)

where f, is the total flux of atoms, f,, is the ballistic flux of atoms, f},; is the diffusion flux of

atoms.

In this work, an approach to calculate the total flux of matter taking into account the distribution

of sputtered atoms in space, different from the cosine law, presented in detail in [33], was used. The
ballistic flow is described by the formula:

2ok (14 B (h] d,,)")

f bal I

4
70 dy,

exp(-C ) rdrdg, @

where f is the empirical constant, describing the deviation of the distribution of sputtered atoms from
cosine law [35]; dva is the distance that a sputtered atom travels before deposition on a substrate with

a ballistic transfer mechanism d, = \/(h2 +r? +1% - 2rlcosp); C= /\: , where A is free path length.

In turn, the ballistic flow is described by the formula:

hCj n2moy (1+B(h/d, )
== ] dit’ Lexp(-Cd...)d(d,.)drde,
Jaite 4w 7 00 q.’ PUL Ay diff P (5)

where dait is the distance that a sputtered atom travels before deposition on a substrate with a

diffusion transfer mechanism, jz is the total flux of atoms sputtered from the target, independent

of coordinate.

The key difference between formulas 4 and 5 is the geometry of the process of transferring
sputtered atoms from the target to the substrate. In ballistic transfer, the spatial distribution of
sputtered atoms has a significant effect on the number of particles that reach the substrate, and this
distribution must be taken into account when calculating the coating thickness. In diffusion transfer
of matter, the trajectory of the atom is chaotic and can tend to infinity. Therefore, to estimate the
thickness of the film deposited on the substrate, it is sufficient to determine the total number of
sputtered atoms that have reached the substrate.

The length of the free path, taking into account the non-uniformity of the gas temperature in the
working volume, is estimated using the formula [27]:

kT(z)
A(z) = 6
.(2) po (6)

where k is the Boltzmann constant (J/K), T(z) is the temperature of the working gas (K), P is the
working gas pressure (Pa), ¢ is the collision cross section (m?).

In real magnetron installations for film deposition, there are several process zones, which affect
the temperature of the working gas in the vacuum chamber. These include: 1) the target, heated by
bombarding ions and cooled from the back; 2) the substrate holder, heated by the energy of the
sputtered atoms arriving at the substrate, and/or forced to heat to improve the adhesion of the
deposited film and its structure; 3) the working volume itself, the gas temperature in which depends
on the frequency of collisions of sputtered atoms with particles of the gas medium. All these factors
lead to the emergence of a temperature gradient in the working chamber, to take it into account in
the model, the formula is used [41]:
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where(E A> is the average kinetic energy of sputtered atoms, p d, is the characteristic pressure-

distance product, «x is the thermal conductivity of the filling argon gas, z is the coordinate along the
target-substrate direction, ¢, and ¢, are the constants:

1 . Pd Ph
¢ =h[Ts+<EA>]z 412130 exp(-p P J'C2j’
0%

Pod,
x P ’

& =T +(E, ),
where T, is the substrate temperature, T, is the target temperature.

3.3. Deposition of the Working Substance on the Substrate

The mass of the substance m that reaches the substrate is determined by the total flux of
sputtered atoms according to the formula [43]:

m= =M ®)
N

a

where M, is the molar mass of the target substance, N, isthe Avogadro constant.
Then the thickness of the film, depending on the coordinate, is determined by the formula:
m hz hz + 1’2 + Rz )
t(r)= 2 2 D2 5.2 3/2 2 2 P2 5.2 3/27
PT(1 +7* +R* +2Rr*) (K 407 +R* -2Rr*)

where , is the density of the target material.

4. Results and Discussion

The thickness of the resulting film and its uniformity are key parameters for conductive coatings
and are determined by the number of sputtered particles that reach the substrate. This number, in
turn, depends on the discharge power, the geometry of the magnetron sputtering system, and the
characteristics of the target material and the working gas. The mass of the atoms of the working gas
and target material, as well as the binding energy of the atoms in the target, directly affect the
sputtering yield [22]. The discharge power and the geometry of the sputtering system determine the
total number of sputtered atoms and its dependence on the coordinate on the target. Figure 2 shows
the number of particles sputtered per unit time at different points of the target j(x), which is described
by the double Gaussian distribution (2) [42]. The approach to estimating the number of sputtered
atoms using formulas (1) and (2) allows one to take into account with high accuracy the geometry of
the target erosion zone and the discharge characteristics (power and current density at different
points of the target). As expected, an increase in the discharge power leads to a significant increase in the
number of sputtered atoms [44] and, consequently, the growth rate of the deposited film. Table 1 presents
the experimental characteristics of the discharge, the voltage-dependent energy of the bombarding
ions of the working gas (argon) and the calculated values of the number of sputtered particles for
different discharge powers obtained using the experimental data.
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Table 1. Experimental characteristics of the discharge.

Discharge power, Discharge current, Discharge voltage, Ion energy, Number of particles,

W mA Vv eV at/s
100 300 313 229 4.1-102
300 830 354 259 1.22:108
500 1320 375 275 1.85-10%
700 1740 396 290 2.35-10%
\
/\ e 700 WV
30 500 W,

/ \ ——300 W
—100 W

N
o
="

j@t/m? s)110?’

0

/" \ /

0.0 1.5 3.
X, cm

4.5

Figure 2. Distribution of the number of sputtered atoms over the target surface at different discharge
powers

The main factor determining the number of collisions of sputtered atoms with working gas
particles, and hence the coating deposition rate, is the substance transfer mechanism. Figure 3 shows
the dependence of the diffusion flux share in the total sputtered atom flux on the working gas
pressure for different discharge powers in the considered sputtering system geometry, calculated
using formulas (3) - (5). At argon pressures below 1 Pa, the main mechanism of substance transfer
from the target to the substrate is ballistic transfer. It can also be noted that with an increase in the
discharge power, the diffusion flux share decreases due to an increase in the average energy of
sputtered atoms and, consequently, a decrease in the interaction cross-section with an increase in the
discharge voltage (see the inset in Figure 3) [33]. The average free path length of sputtered particles
at the working gas pressure of 0.26 Pa used in the experiment, calculated using formula (6), ranged
from 26 to 43 cm depending on the discharge power, which is significantly greater than the target-
substrate distance. At the argon pressure of 0.25 Pa used in our experiment, the proportion of the
diffusion flow is about 10%, which makes it necessary to take into account the spatial distribution of
sputtered atoms j(x) in calculating the total flow.
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Figure 3. The fraction of the diffusion flow for Cr target sputtering depending on discharge power
and pressure; top left is a histogram illustration of the diffusion fraction for working gas pressure
used in experiment.

The consequence of the predominance of the ballistic mechanism of mass transfer and the large
free path length of the particles is the close-to-linear nature of the dependence of the gas temperature
on the target-substrate distance. The dependence of the gas temperature on the distance to the target,
calculated using formula (7) at different discharge powers, is shown in Figure 4. The calculation data
show that the maximum gas temperature occurs in the region near the target, which is due to its
heating as a result of bombardment by ions of the working gas. The target temperature increases from
322 K to 448 K with an increase in the discharge power from 300 to 700 W, due to the increase in the
number of ions bombarding the target, as well as the growth of their average energy, the gas
temperature also increases along with the target temperature. The target temperature, taking into
account its cooling from the back side, was estimated using the technique presented in [45], by solving
the three-dimensional homogeneous Fourier equation in a Cartesian coordinate system. Due to the
ballistic mechanism of substance transfer and the negligible number of particle collisions in the
working chamber, the substrate is heated by the energy of the atoms coming to it. In turn, the
substrate does not undergo strong heating due to heat removal through the metal substrate holder.
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Figure 4. One-dimensional distribution of the gas temperature along the target-substrate distance, top
right is a graphical illustration of the temperature distribution.

Since the gas temperature following the target temperature increases with increasing discharge
power, one can expect an increase in its influence on the process of transport of sputtered atoms in
the working chamber, namely, on the free path length and on the values of ballistic and diffusion
flows. To illustrate the influence of the temperature gradient in the target-substrate space on the film
deposition process, the expected film thickness at different points of the substrate was calculated
using formula (9) taking into account formula (8). Figure 5 shows the experimental and calculated
dependences of the chromium film thickness on the substrate coordinate at different discharge
powers. In the graph, the red curve indicates the calculated film thickness taking into account the
temperature gradient in the working chamber, the blue curve indicates the calculated coating
thickness at a constant gas temperature (350 K), estimated by analogy with work [27], the
experimental data are marked with squares. The deviation of the chromium film thickness, calculated
taking into account the temperature gradient, from the experiment does not exceed 5% in the entire
studied range of discharge powers.

It is important to note that at low discharge powers, the calculated film thicknesses with and
without taking into account the temperature change in the target-substrate space do not differ much
from each other, which is due to slight heating of the gas and a weak dependence of the gas
temperature on the target-substrate distance. However, with an increase in the discharge power, the
discrepancy between the calculations increases, which can be explained by the increasing influence
of the gas temperature on the transport of sputtered atoms. Thus, at a power of 100 W, the
discrepancy between the two approaches in the calculation was 6%, while at 700 W the discrepancy
was already 12%. Note that in the considered configuration of the sputtering system, a decrease in
the film thickness is observed with an increase in the distance from the center of the substrate located
above the center of the target. This is due to the static location of the substrate. In further work, it is
planned to use substrate rotation to improve the uniformity of the thickness of the deposited film and
take into account the rotation in the considered model.
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Figure 5. The distribution of film thickness along the substrate for different discharge powers. Black
line is the experimental data; red line is the thickness calculated taking into account the temperature
gradient; blue line is the thickness calculated at a constant gas temperature.

Figure 6 shows the calculated and experimental data on the chromium film thickness estimate
at the substrate point located in the center of the substrate holder (zero on the ordinate axis),
depending on the discharge power. The graph clearly shows, firstly, the good agreement between
the experiment and the calculation, taking into account the temperature gradient in the target-
substrate space, and, secondly, the minor differences in the calculated film thicknesses, for low
powers and a significant increase in the discrepancy at high powers for calculations with and without
taking into account the change in gas temperature. Thus, taking into account the spatial distribution
of sputtered atoms, which differs from the cosine law, as well as taking into account the temperature
gradient in the working volume, allows us to adequately estimate the number of sputtered atoms
arriving at the substrate and, consequently, calculate the thickness of the deposited film.
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Figure 6. The calculated and experimental data on the chromium film thickness. Black line is the
experimental data; red line is the thickness calculated taking into account the temperature gradient;
blue line is the thickness calculated at a constant gas temperature.

5. Conclusions

The paper proposes a model that allows quantitative simulation of the processes occurring
during magnetron sputtering of a metal target in a wide range of working gas pressures and
discharge powers. The processes of sputtered atom flow formation and their transfer to the substrate
are considered depending on the technological parameters of the deposition process. This model
includes consideration of the spatial distribution of sputtered atoms, different from the cosine law,
an estimate of the gas temperature along the target-substrate distance and its effect on the process of
sputtered atom transport to the substrate. To verify the model, real technological parameters of metal
film deposition by DC magnetron sputtering were used, optimized to achieve a high film growth
rate. The model made it possible to obtain a convergence of the calculated film thicknesses with
experimental data of no worse than 5% at discharge powers in the range of 100 - 700 W. Comparison
of experimental data with simulation results showed that the model adequately describes sputtering
processes at high discharge powers and low pressures, in contrast to approaches that do not take into
account the temperature gradient in the working space. The results of the work can be useful in
developing processes for depositing metal films by magnetron sputtering, which require high coating
growth rates. Further research will be aimed at developing the model by taking into account substrate
rotation, as well as in relation to sputtering processes of multicomponent targets.
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