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Abstract. We present a time-dependent parametric model for reactive HIPIMS
deposition of films. Specific features of HIPIMS discharges and a possible increase
in the density of the reactive gas in front of the reactive gas inlets placed between
the target and the substrate are considered in the model. The model makes
it possible to calculate the compound fractions in two target layers and in one
substrate layer, and the deposition rate of films at fixed partial pressures of
the reactive and inert gas. A simplified relation for the deposition rate of films
prepared using a reactive HiPIMS is presented. We used the model to simulate
controlled reactive HiPIMS depositions of stoichiometric ZrOg films, which were
recently carried out in our laboratories with two different configurations of the
O5 inlets in front of the sputtered target. The repetition frequency was 500 Hz at
the deposition-averaged target power densities of 5 Wem ™2 and 50 Wem ™2 with a
pulse-averaged target power density up to 2kWem™2. The pulse durations were
50 pus and 200 us. Our model calculations show that the to-substrate Og inlet
provides systematically lower compound fractions in the target surface layer and
higher compound fractions in the substrate surface layer, compared with the to-
target Og inlet. The low compound fractions in the target surface layer (being
approximately 10 % at the deposition-averaged target power density of 50 Wem ™2
and the pulse duration of 200 us) result in high deposition rates of the films
produced, which are in agreement with experimental values.
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1. Introduction

In recent years, high-power impulse magnetron sputtering (HiPIMS) systems have
been used for deposition of films (see, for example, [1-3]). The target power density
in a pulse of these discharges with a peak value of up to several kWem ™2 is orders of
magnitude higher than a typical target power density (usually less than 20 Wem™?)
applied in conventional dc magnetron sputtering. The high target power density
leads to generation of very dense discharge plasmas with high degrees of ionization of
sputtered atoms. Consequently, film depositions can be carried out at highly ionized
fluxes of the target material atoms. This is of significant interest for deposition on
complex-shaped substrates[4, 5], for substrate—film interface engineering resulting in
enhanced film adhesion [6] and for the preparation of films with dense microstructure
and controlled phase composition [4, 5, 7].

HiPIMS systems have been applied in the preparation of various optically
transparent non-conductive metal oxides, for example, TiO, [8-11], ZrO, [12, 13],
TayO5 [12], HfO, [13, 14] and NbyOs [15], of thermochromic VO, films [16] and of
optically transparent conductive oxides, such as InSnO [17], Al-doped ZnO [18] and
RuO, [19]. Recently, Hala et al. demonstrated the suitability of reactive HiPIMS
for the preparation of high-quality single SiO, and TayO5 optical films as well as for
fabrication of optical multilayer stacks[20].

In our recent paper [21], we reported on high-rate reactive depositions of
densified, highly optically transparent, stoichiometric ZrO, films using HiPIMS with
a pulsed reactive gas (oxygen) flow control. An optimized location of two O, inlets,
which were oriented toward the substrate, made it possible to improve the quality
of the films due to minimized arcing at the sputtered target and to enhance their
deposition rates up to 120 nm/min at the deposition-averaged target power density

2 and the target-to-substrate distance of 100 mm. We

of approximately 50 Wem™
have thus demonstrated a great potential of the controlled reactive HiPIMS for
high-rate depositions of densified dielectric oxide films onto floating substrates at
low substrate temperatures in coating technologies and in microelectronics.

In this paper, we present a time-dependent parametric model for reactive
HiPIMS deposition of films. Our strategy was to select a realistic but simple model
developed for conventional reactive magnetron sputtering (see, for example, [22-29]
and the works cited therein) and to extend its applicability to the specific conditions
of HiPIMS discharges. A brief characterization of the models for conventional
reactive magnetron sputtering is given in the recent work of Strijckmans and Depla
[29].

Our starting point is the model developed by Kubart et al.[27] that takes
into account not only the process of chemisorption of reactive gas molecules, as
in the case of earlier models [22-26], but also the processes of knock-on and direct
implantation of reactive gas atoms and ions, respectively [28-33|, resulting in a
compound formation at the target.
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The processes we considered are the following: Sputtering of metal and reactive
gas atoms from the target and their transfer onto the substrate, chemisorption
of reactive gas particles on the target and substrate, and knock-on implantation
of reactive gas atoms and direct implantation of reactive gas ions and metal ions
into the target. The original model equations [27] were significantly modified and
supplemented to account for specific features of HiPIMS discharges, namely, gas
rarefaction and ionization in front of the sputtered target, high degree of dissociation
of reactive gas molecules in the fluxes onto the target and substrate, and backward
flux of the ionized sputtered metal atoms and reactive gas atoms onto the target.
The effects relating to the backward flux of the ionized sputtered metal atoms onto
the target are of key importance for reactive HiPIMS deposition of films. They
are described using a phenomenological model for HiPIMS of metals which was
developed by Vlcek and Burcalové [34] on the basis of the original model of Christie
[35].

In contrast with the usual approaches [26, 27, 29], the partial pressure of the
reactive gas is not calculated from the balance of the reactive gas in a vacuum
chamber. We assume that a process control is used to keep a partial pressure of
the reactive gas constant in time during the film deposition. Therefore, we do not
have to investigate the compound composition on chamber walls, which is in general
different from that on a substrate [23, 29]. On the contrary, we consider the substrate
as a plate facing the target at a specified distance of several centimetres from the
target surface. Thus, we focus not only on the processes at the target and substrate
surfaces, but also on the processes in a discharge plasma between the target and the
substrate. Moreover, the model can account for a possible increase in the density of
the reactive gas in front of the reactive gas inlets placed between the target and the
substrate [21].

We used this model to explain large differences between the deposition rates
of the ZrO, films achieved using controlled reactive HiPIMS depositions with
two different configurations of the O, inlets in front of the sputtered target [21].
Moreover, we carried out model calculations to investigate the effects of the specific
features of HiPIMS discharges on the processes on the target and the substrate
surfaces during the depositions, and on the deposition rates of the ZrO, films
produced.

2. Description of the model

2.1. Basic model assumptions

Our model for reactive HiPIMS deposition of films has been developed under the
following basic assumptions:

(i) The metallic planar magnetron target with the erosion area A, is sputtered
uniformly by singly charged ions coming from a plasma of the discharge
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Table 1. List of symbols. Subscripts are used to distinguish equivalent variables
related to different particles in the plasma or, like superscripts, to different
positions in the discharge. We use ¢ for target, te for target erosion zone, ts
for target surface layer, tb for target bulk layer, s for substrate, rm for reactive
gas molecules, ra for reactive gas atoms, r for reactive gas, i for inert gas, m for
metal and ¢ for compound. Note that the fluxes of particles, I',;, and integral
fluxes, I, have different subscripts in the text with respect to the processes they

are related to.

Symbol Definition

Ag, Age, Ag Area

ap Deposition rate of films

abyab od ) as, Sticking coefficient

B, B Probability of ionization and subsequent return of
sputtered atoms onto target

Bia Pulse-averaged By,

B Probability of ionization of sputtered metal atoms

Iy, TS, Flux of particles

~y Effective secondary electron emission yield

Dy, Dg Dissociation probability of reactive gas molecules

d Target-to-substrate distance

e Elementary charge

Iy, F Overfilling factor of reactive gas

fr Fraction of reactive gas ions in the ion flux onto
target

frep Repetition frequency

Sftrm, fror Transport factor of sputtered atoms

his, hib, hs Thickness of layer

Iy Discharge current

I Integral flux of particles

Jy Target current density

k Boltzmann constant

ksp Sputtering yield proportionality constant

My Molar mass of target material

My Deposition rate of metal atoms

Mrm Mass of a reactive gas molecule

my Fraction of metal ions in the ion flux onto target

Na Avogadro constant

no Atomic density of metal target

N ¢ Atomic density of metal atoms in compound

Pi, Prm Pressure

Doy Oxygen flow rate

Ry Reduction factor due to gas rarefaction and

er7 RrC7 Rmm) RI‘HC
Refn Refm

ionization

Backscattering probability of atoms from target
Effective backscattering probability of atoms from
target

Mass density of target material
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(vi)

2.2.

Table 1. List of symbols (continued).

Symbol Definition

(Sa) Deposition-averaged target power density

Sda Average target power density in pulse

Om Probability of return of ionized sputtered metal

atoms onto target

T, Gas temperature

T, Pulse period

t Time

ton, tac Pulse-on time, plasma activation after pulse
Ois, O, O Compound fraction

Otga Pulse-averaged Oy

Ua Magnetron voltage

Uda Pulse-averaged magnetron voltage

x Stoichiometry of compound (MO,)

Yim, Yme, Yre Sputtering yield

Y. Knock-on implantation yield of reactive gas atoms

generated by a high-power pulsed dc power supply at time-varying magnetron
voltage, Uy(t), and the discharge current, I4(t).

The uniform films are deposited onto a planar substrate with the area Ay, facing
the target at the distance d from the target surface.

The discharge gas is a mixture of one inert gas and one diatomic reactive gas
with the partial pressures of p; and p.,, respectively, which are measured, as
usual, at the wall of the vacuum chamber. A local increase in the density of
the reactive gas can occur in front of the reactive gas inlets placed between the
target and the substrate.

A process control allows to perform a stable reactive HiPIMS at given values
of p; and p,, constant in time.

The effective ion-induced secondary electron emission yield, «, at the target is
independent of the position in the target erosion area as well as of the process
parameters Uq(t), 1q(t), p; and prm.

The effects of negative reactive gas ions are neglected.

Model equations

2.2.1. Target surface and bulk layers

A typical thickness of a compound layer in the target erosion area extends up to

several nanometres and depends on the energy and type of implanted reactive gas

ions [28, 36-38]. In this model, the compound layer in the target erosion area

is subdivided into two layers, a surface layer with a thickness hys of one monolayer
(from now on called simply the target surface layer) and a bulk layer with a thickness
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hy, given by an implantation depth of the reactive gas ions in the target material
(from now on called simply the target bulk layer). This is analogous to the two-layer
model of Moller and Giittler [28].

The composition of the target surface layer and the target bulk layer is described
by the compound fractions O and By, respectively, which represent the portions
of the layers consisting of the stoichiometric compound MR,, where M is a metal
atom, R is a reactive gas atom and x is a stoichiometry factor. The complement
consists of a non-reacted metal. The equations for the compound fractions © and
Oy, are formulated as balance equations for the surface density of reactive gas atoms
in the target surface layer and the target bulk layer, respectively (see, e.g., [27, 29]).

For the target surface layer, we use the equation

DO _ 11, (1) 4+ T (1) 4 Thial®) — Thl)) ~Th). (1)

where ng is the atomic density of the target material before reaction and the terms

NohisT

on the right-hand side of equation (1) represent the fluxes of particles (in particles
per cm? per second) increasing and decreasing the content of reactive gas atoms
in the target surface layer. Here, Tt (¢) is the chemisorption flux of reactive gas
particles on the target surface, Tt () is the transfer flux of reactive gas atoms
from the target bulk layer into the target surface layer due to the exposure of the
compound from the bulk layer caused by sputtering of the surface layer, T'. (¢) is
the direct implantation flux of reactive gas ions into the target surface layer, I'{ | .(t)
is the sputtering flux of reactive gas atoms from the target surface layer and I'}. (¢)
is the knock-on implantation flux of reactive gas atoms from the target surface layer
into the target bulk layer.
For the target bulk layer, we use the equation

ot SO 1 (1) + T ()~ T (1) — D), )

where ', (¢) and 'Y, . (¢) are the direct implantation fluxes of reactive gas ions

and metal ions into the target bulk layer, respectively, and the I'; (¢) and ', (1)
fluxes are the same as those appearing with the opposite sign on the right-hand side
of equation (1).

In the following paragraphs, the expressions for the individual fluxes appearing
in equations (1) and (2) are given and explained. For simplicity, the time dependence
of the fluxes is not explicitly denoted in these expressions. The reader should bear
in mind that all parameters used in the following formulae are in general time

dependent.

2.2.1.1. Chemisorption of reactive gas particles To account for the specific features
of HiPIMS discharges, namely, gas rarefaction and ionization in front of the
sputtered target and high degree of dissociation of reactive gas molecules in the
flux onto the target, and for a possible increase in the density of the reactive gas in
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front of the target due to the reactive gas inlets, we used a generalized formula for
the chemisorption flux T't, (¢), increasing O (1),

Il = 2R Flmal, Di(1 — Oy) + 2R Filmal (1 — Dy)(1 — 04)%. (3)

The expression consists of two terms accounting for the chemisorption of
reactive gas atoms and molecules on the metal fraction 1 — Oy of the target surface,
respectively. Note that the chemisorption of diatomic reactive gas molecules is
described as a dissociative process requiring the presence of two empty surface sites,
which is expressed as a term proportional to (1 — Oy)?, see [39, 40]. The isotropic
thermal flux of reactive gas molecules I, is related to the reactive gas partial
pressure p.,, which is measured, as usual, at the wall of the vacuum chamber. The
probability of dissociation of reactive gas molecules in the flux onto the target, D,
with 0 < Dy < 1, defines the factors 2D; and 1 — D; determining the respective
fluxes of reactive gas atoms and molecules onto the target. The sticking coefficients
of the reactive gas atoms and molecules on the metal fraction of the target surface
are denoted as af, and af , respectively. The reduction factor Ry, with 0 < Ry <1,
accounts for a gas rarefaction due to the sputtering wind and for a strong ionization
of neutral gas particles in front of the sputtered target during a pulse-on time of
HiPIMS discharges (discussed in detail in [3, 41-44]).

Note that the ionized reactive gas particles directed to the target are included
in the total ion flux onto the target 'y, discussed later, and that we assume the
same Ry(t) for all neutral gas particles (reactive gas atoms and molecules, inert gas
atoms). The overfilling factor of the reactive gas on the target side of the reactive
gas inlets, Fi, with F{ > 1, is used to take into account an increase in the reactive
gas flux onto the target due to a local increase in the density of the reactive gas when
the reactive gas inlets are placed above the target erosion area and oriented toward
the target [21]. Assuming the reactive gas as an ideal gas in thermal equilibrium,
the flux T}, can be calculated [45] as

Ty = —— (4)

\2mmyn kT,

where m,,, is the mass of the reactive gas molecule, k is the Boltzmann constant
and Ty is the gas temperature.

Here, it should be mentioned that for Ry = 1, Dy = 0 and F; = 1, formula
(3) becomes Tty = 2T, ,af (1 — O)?, used in the surface science literature [39, 40],
which is close to Tt = 2,0, (1 — Oy), usually used in the models for reactive
magnetron sputtering [27].

2.2.1.2.  Ezposure of compound The transfer flux due to exposure I't_ (%),

exp

increasing Oy (t) and decreasing Oy, (t), is expressed [27, 28] as
Ft = Fit [Ymm(l - @ts) + Ymc@ts]@tbxa (5)

exp
where Y, and Y, are the sputtering yields of metal atoms from the non-reacted
metal surface and from the stoichiometric compound MR,, respectively. Here,
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we assume the same sputtering yields for all incident ions, including the ionized
sputtered metal atoms directed back to the target.
The ion flux T’y () is calculated as
JiA
y=—1' (6)
eAie(1+7)

where e is the elementary charge and Jy(t) = 14(t)/A; is the target current density
averaged over the total target area A, as usually done to compare results achieved
using different magnetron sputter systems.

t

2.2.1.3. Implantation of particles The direct implantation flux I'},_ (¢), increasing

Oys(t), can be written in the form
F?ﬁsr = %&Fitfr(l - Refr)@tb<1 - @ts) 5 (7)
where f, is the fraction of reactive gas (atomic and molecular) ions in the ion flux
[y, and Reg is the effective backscattering (reflection) probability of reactive gas
atoms from the target after its bombardment by the reactive gas ions with the
kinetic energy of elUy. The formula (7) describes the direct implantation of those
reactive gas atoms into the target surface layer that were not backscattered from
the target and cannot be implanted, as assumed, into the stoichiometric compound
fraction Oy, in the target bulk layer. Note that the reactive gas atoms can reach the
target surface layer also by diffusion from the target bulk layer into which they were
implanted, but where they did not react with metal atoms. The factor 2/(1 + Dy)
in equation (7) is a consequence of the realistic assumption that the reactive gas
molecules are dissociated with the probability D; before ionization in the discharge
plasma (see, for example, the data for oxygen in [40]): The non-dissociated molecular
ions with a fraction (1— Dy)/(14 Dy) are split into two atoms of half energy (eUy/2)
when striking the target surface [28, 29], giving, together with the atomic ions with a
fraction 2Dy /(14 Dy), the total factor 2(1—Dy)/(14+Dy)+2D; /(1+Dy) = 2/(1+Dy).
The fraction of the reactive gas atoms, which were not backscattered from the
target 1 — Rer, appearing in equation (7), is calculated as

1= Regp = (1 — Ri)(1 — Ow) + (1 — Rc)Oy, (8)

where R,, and R,. are the backscattering probabilities of the reactive gas atoms from
the non-reacted metal target bulk layer and from the stoichiometric compound in
the target bulk layer, respectively. The averaged R, fraction is used in formula (7)
to take into account an inhomogeneous structure of actual target subsurface layers
with irregular appearance of non-reacted metal and compound parts in horizontal
and vertical directions [29].

Assuming the same ionization probability [27, 29] and rarefaction in front of
the target for the inert gas atoms and for the atoms and molecules of a partially
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dissociated reactive gas with the partial pressure p,,, the fraction f, in equation (7)
can be written as
Fiprm
fi=0—my)—"——, 9
' ( ) ﬂprm + Dbi ( )
where my is the fraction of ionized sputtered metal atoms in the ion flux I'j; given
by the formula

my = [Ymm<1 - @ts) + Ymc@ts]Bm . (1())

Here, By, is the probability of ionization and subsequent return of sputtered metal
atoms onto the target (0 < B, < 1). Assuming the same sputtering yields for all
ions incident on the target, including the ionized sputtered metal atoms directed
back to the target, we can use equation (6) from [34] in the form m; = Sy, 5m0om,
where S}, is the sputtering yield of the target (metal) material, 5, is the probability
of ionization of sputtered metal atoms in front of the target and oy, is the probability
of return of ionized sputtered metal atoms onto the target. Taking into account that
metal atoms are sputtered not only from the non-reacted metal surface (Y,,) but
also from the stoichiometric compound (Y;,.) in the case of reactive sputtering and
that By, = Suom, we can obtain the formula (10).

The knock-on implantation flux I'f. (¢), decreasing ©y(t) and increasing Oy (1),
is calculated [27, 28] as

T = Tit YO (1 — Ouw) , (11)

where Y/ is the knock-on implantation yield.

The direct implantation flux 'y, (¢), increasing O, (%), is expressed as

2

F1(:1ibr = mritfr(l - Refr)(l - @tb) . (12>
This expression has a similar form as the aforementioned term Ffﬁsr(t) given by
equation (7).

The direct implantation flux ', (), decreasing O, (t), can be written in the
form

Thim = Diemi(1 — Refm) O, (13)

where the my fraction is given by equation (10) and the fraction of the metal atoms
that were not backscattered from the target, 1 — Ry, after its bombardment by the
metal ions with the kinetic energy of el is calculated as

1— Refm = (1 - Rmm)(l - C'_')tb) + (1 - Rmc>@tb7 (14>

where Ry, and R, are the backscattering probabilities of the metal atoms from
the non-reacted metal target bulk layer and from the stoichiometric compound in
the target bulk layer, respectively (see similar equation (8)). Formula (13) is derived
under the assumption that some metal and reactive gas atoms are displaced out of
the target bulk layer by incident metal ions. It should be mentioned that the term
[im (t) describing the direct implantation of metal ions into the target bulk layer
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was included in equation (2) as the backward flux of the ionized sputtered metal

atoms can significantly affect the composition of the compound layer at the target
in reactive HiPIMS.

t

tr(t), decreasing

2.2.1.4. Sputtering of reactive gas atoms The sputtering flux I’
O1s(t), is expressed [27, 28] as

Ft = 1—‘itY;"c(ats ) (15)

spr
where Y. is the sputtering yield of reactive gas atoms from the stoichiometric
compound MR,. Again, we assume the same sputtering yield for all incident ions.

2.2.2. Substrate surface layer

The composition of the film deposited onto a planar substrate with the area A, is
modelled by the composition of the substrate surface layer with a thickness hy = hy
of one monolayer [27]. The compound fraction in the target surface layer, O, is
given by equation
dOg(t . .
1o SO 13 (1) + 3 1) = T 1), (16)
where I'%, () is the chemisorption flux of reactive gas particles on the substrate

surface, and I (¢) and I,

(t) are the deposition fluxes of reactive gas atoms and
metal atoms sputtered from the target, respectively.

2.2.2.1.  Chemisorption of reactive gas particles The chemisorption flux I'S, (%),
increasing Og(t), is given by the formula

%, = 2Fmal, Dy(1 — ©y) + 2F.Imad, (1 — Dy)(1 — 6,)2. (17)

This expression has a similar form as the aforementioned term T (t) given by
equation (3). Here, F} is the overfilling factor of the reactive gas on the substrate
side of the reactive gas inlets (Fy > 1) taking into account an increase in the reactive
gas flux onto the substrate due to a local increase in the density of the reactive gas
particularly when the reactive gas inlets are placed above the target erosion area and
oriented toward the substrate [21], Dy is the probability of dissociation of reactive
gas molecules in the flux onto the substrate (0 < Dy < 1), and of, and o}, are the
sticking coefficients of the reactive gas atoms and molecules on the metal fraction
of the substrate surface, respectively.

2.2.2.2. Deposition of particles The deposition flux I, (¢), increasing O(t), is
calculated as

Age
(Sier - Fit}/rC@tS(]' - Br)ftrrftaia(l - @S) ’ (18)

where B, is the probability of ionization and subsequent return of sputtered reactive
gas atoms onto the target (0 < B, < 1) and fi,, is the transport factor determining
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the fraction of the reactive gas atoms sputtered from the target erosion area A, and
not directed back to the target if ionized (factor 1 — B,) that strike the substrate
area Ag as neutral atoms or ions. The fi,, factor accounts for a collisional scattering
of the sputtered atoms and their ions during transfer to the substrate. Let us recall
that losses of the sputtered atoms to chamber walls are affected by a target erosion
profile defining the initial emission angles of the sputtered particles [29] and that
the losses of ionized sputtered atoms during the transfer to substrate are usually
higher than those of the sputtered neutrals in HiPIMS discharges [1-3].
The deposition flux I, (¢), decreasing O(t), is expressed as

dem
Ate
(Sjem - Pit [Ymm(]- - @ts) + YmC@ts](l - Bm)ftrmft@sxa (19)

s
where fi,, is the transport factor determining the fraction of the metal atoms
sputtered from the target erosion area A, and not directed back to the target if
ionized (factor 1 — By,) that strike the substrate area Ay as neutral atoms or ions.
It should be noted that the transport factors fi,, and fi.,, appearing in equations
(18) and (19), respectively, are not usually used in model equations for reactive
magnetron sputtering where A includes not only the substrate area, as in our case,
but also the area of chamber walls [26, 27] with generally different deposition rates
of films [23, 29].

2.3. Input parameters and solution procedure

Input parameters of the model can be divided into three groups, namely, process
parameters, internal discharge parameters and material parameters.

The process parameters include the discharge characteristics (Uq and 1g), the
partial pressures of gases (p; and p,, ), and the geometrical characteristics of a planar
magnetron target (A and Ag.) and a planar substrate (Ay).

The internal discharge parameters are the reduction factor of the flux of reactive
gas atoms and molecules onto the target (R;), the dissociation probabilities of
reactive gas molecules (D; and Dj), the probabilities of ionization and subsequent
return of sputtered atoms onto the target (B, and B.), the transport factors of
sputtered atoms (fym and fi,), the overfilling factors of the reactive gas (F; and
F;), and the gas temperature 7,. Let use recall that all these parameters are in
general time dependent.

The material parameters include the atomic density of the target material
before reaction (ng), the stoichiometry factor (x) of the compound, the mass of
the reactive gas molecule (myy,), the thicknesses of the compound layers ( hys = hsg
and hy,), the sputtering yields (Yium, Yme and Y;.) and the knock-on implantation
yield (Y}.) of atoms, the effective ion-induced secondary electron emission yield (),
the backscattering probabilities of the reactive gas atoms (R, and R,.) and the
metal atoms (Rpy, and Ry,.) from the target, and the sticking coefficients of the
reactive gas particles on the target (af, and af ) and the substrate (o8, and of ).
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The atomic density of the target material can be calculated as
_ PNa
My’

where N, is the Avogadro constant, p is the mass density and M, is the molar mass

no

(20)

of the target material. Assuming the target material homogeneous and isotropic,
we can estimate [29] its average monolayer thickness as hy = 1y 13

As mentioned above, the sputtering yields Y, Yme and Y;. are assumed to be
independent of the type of incident ions [27, 28], which is a reasonable assumption
taking into account that the gas ion flux onto the target is typically dominated by
inert gas ions and that the sputtering yields for the incident ionized sputtered metal
atoms are not too different from those for the incident inert gas ions [34]. The
sputtering yields are considered to be dependent on the kinetic energy of incident
ions € = elUy.

With these inputs, the model equations (1), (2) and (16) are solved in the
Matlab environment using the well-known Runge-Kutta method. The initial
compound fractions O (t), O, (t) and O4(t) are set to zero and the equations are
numerically integrated over the consecutive pulse periods, 7}, of the power supply.
The integration is stopped when the difference in all compound fractions between
the beginning and the end of the same period becomes lower than the tolerance, 9,
which can be written as

max |0;(7,) — 6;(0)] <. (21)

i=ts,th,s

Then, the functions O(t), Oy, (t) and O4(t) are identical in the subsequent pulse
periods and the sputtering process is considered stable. In our calculations, we used
§ = 2 x 10~* which gives a good balance between accuracy and computational time.

For the stabilized state, we calculate the time-dependent fluxes I, (¢) for the
individual processes, which determine the compound fractions ©(t), O (t) and
©4(t) given by equations (1), (2) and (16). To evaluate the fractions of the individual
processes that contribute to the increase or decrease of the content of reactive gas
atoms in the corresponding target and substrate layers during a whole film deposition
after stabilization of the sputtering process, the integral quantity I, (in particles
per cm? per pulse period T5,) is introduced as

I, = / Y (22)

Here, it should be mentioned that the deposition of films is a periodic process and

that I',. () = 0 for t,, < t < T, where t, is the pulse duration, excepting the

chemisorption fluxes 'Yy (¢) and %, (¢) defined by equations (3) and (17), respectively.
For the chemisorption processes, we use

ton
[ch,on - / Fch <t>dt (23>
0
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and

Tp
Ich,off - / 1—‘Ch(t)dta (24)
t

where o, on and I, o account for the chemisorption of reactive gas particles during
the pulse-on time and the pulse-off time, respectively.

The deposition rate of metal atoms on the substrate area A (in particles per
second) after stabilization of the sputtering process is expressed (see equation (19))
as

1

Tp
Ms - T / I‘it [Ymm(]- - @ts) + YmC@ts](l - Bm)ftrmAtedt : (25)
0

p
Then, the deposition rate of films (in nm per second), ap, can be written as

M
;
nm,cAs

ap = (26)
where ny, . is the atomic density of the metal atoms in the deposited compound.
Thus, we are able to compare the deposition rate calculated by the model with
experimental data.

The parametric model developed allows us to investigate reactive HiPIMS
processes under various discharge conditions. The calculated time-dependent
compound fractions O (t), O, (t) and Og(t), together with the corresponding fluxes
for the individual processes ', (t) increasing or decreasing the content of reactive gas
atoms in the target and substrate layers, are of key importance for understanding the
complicated dynamics of the processes on the target and substrate surfaces during
high-power pulses and in pulse-off times. The integral quantities I,,, (equation (22))
and My (equation (25)) can be used to evaluate the important characteristics of the
deposition processes, namely, the fractions of the individual processes changing the
content of reactive gas atoms in the target and substrate layers during a whole film
deposition, and the deposition rate of films, respectively.

3. Application of the model to reactive high-power impulse magnetron
sputtering of ZrQO, films

We simulate the sputtering of zirconium in a mixture of argon and oxygen. The
stoichiometric compound forming on the target and substrate is zirconium dioxide,
ZrOs. A basis for the application of the presented model is a recent experimental
work carried out in our laboratories, where, however, a pulsed (i.e., not continuous)
reactive gas (oxygen) flow control was used for high-rate reactive HIPIMS depositions
of densified stoichiometric ZrO, films [21]. The elemental composition (in at %)
of the films was characterized as Zrsy 340¢5_¢7 with low contamination level (H
content less than 1 at %). The main aim of the present study is to consistently
explain large differencies between the deposition rates of the ZrO, films achieved
for two different configurations (different locations and opposite orientations) of the
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O inlets, placed in front of the sputtered target, under similar discharge conditions
(table 2). Moreover, model calculations were carried out to explain the effects of
the increased target power densities (up to 2.3 chme) applied during shortened
voltage pulses (from 200 us to 50 us), and to investigate the effects of the gas
rarefaction and ionization in front of the sputtered target, the backward flux of
the ionized sputtered atoms onto the target and the dissociation of reactive gas
molecules on the processes on the target and substrate surfaces during the reactive
HiPIMS depositions, and on the deposition rates of the ZrO, films produced.

3.1. Ezperimental conditions and results

In the work [21], the ZrO, films were deposited using a strongly unbalanced
magnetron source with a directly water-cooled planar zirconium target (99.99 %
purity, diameter of 100mm and thickness of 6 mm) in a standard stainless-steel
vacuum chamber (diameter of 507 mm and length of 520 mm). The magnetron was
driven by a high-power pulsed dc power supply (HMP 2/1, Hiittinger Elektronik).
The repetition frequency, fiep, was 500 Hz and the pulse duration, ¢,,, ranged from
50 ps to 200 ps with the corresponding duty cycle to, /T, = 2.5 % — 10 %, where the
pulse period T}, = 1/ frep-

A reactive gas (oxygen) was admitted into the vacuum chamber from a source
via mass flow controllers and two corundum conduits (figure 1). Two Oy inlets
with a diameter of 1 mm were placed symmetrically above the target erosion area at
the same distance of 20 mm from the target surface and oriented toward the target
(denoted as "to-target Oy inlet” configuration) or at the same (optimized) distance
of 25 mm from the target surface and oriented toward the substrate (denoted as
"to-substrate O, inlet” configuration).

Prior to the admission of Oy into the system, the Ar flow rate was set to
30sccm and the pumping speed of a diffusion pump (backed with a rotary pump)
was adjusted to attain the argon partial pressure p; = 2 Pa. The settings of the Ar
flow rate and the pumping speed were not changed during the experiments. During
the deposition, a process controller used provided a control feed-back signal to the
two Oy mass flow controllers to adjust the pulsed O, flow rate into the vacuum
chamber (@, (t) = const or 0) by adjusting the duration of the Oy flow rate pulses.
Typical durations of the ®,, pulses and of the corresponding ®., pulse-off times were
in the range of 2 — 3 seconds and 2 — 5 seconds, respectively. A detailed description
of the pulsed O, flow control is given in [21]. The oxygen partial pressure, py,
measured at a point on the chamber wall of 270 mm from the target—substrate axis
(figure 1), oscillated between 0 and 0.08 Pa during the depositions. The values
of p; and of p; + p., were measured using a high-stability capacitance manometer
(Baratron, type 627, MKS Instruments) with the accuracy of approximately 1%
[21].

Waveforms of the magnetron voltage, Uq4(t), and the discharge current, I4(t),
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were monitored (figure 2) and the average target power density in a discharge pulse,
Sda, was evaluated using the formula
1 ton

Saa=1—[ Ua(t)Ji(t)dt. (27)

ton Jo
Here, the target current density Ji(t) = I4(t)/A;, where A is the total area of the
target (78.54 cm? in our case). Note that Sy, is time dependent during a deposition
as the discharge pulses are realized at time-varying p,, on the scale of seconds (see
figure 2 and table 2). An analogous integral expression was used to calculate the
average magnetron voltage in a pulse, Ug,. The deposition-averaged target power
density, (Sq), was evaluated using the formula

! / . Ua() Ju(£)dt | (28)

te — 1s

where tg and ¢, are the start and end times of the deposition.

(Sa) =

The deposition rate of the ZrOs films, ap, achieved for the target-to-substrate
distance d = 100 mm and the time-averaged fractions of the O and OF ions in the
total flux of positive ions onto the substrate ['(O1) and I'(O5 ), respectively, are given
in table 2 together with the corresponding discharge characteristics ton, (Sa), Sda
and Uy,. Here, it should be mentioned that the larger distance of the to-substrate
oriented O inlets from the target (25mm), proposed for the high-rate reactive
HiPIMS of the ZrO, films at the much higher (Sg) = 50 Wem ™2, proved unsuitable
at a low value of (Sg) = 5.4Wem 2 [21]. As a consequence, the value of ap was
only 5nm/min. Note that for the to-target O, inlet at (Sq) ~ 50 Wem ™2, the lowest
values of Sy, (at the lowest values of p,) correspond, somewhat counterintuitively,
to the highest values of Uy, and vice versa. The reason is that the magnetron voltage
Uq(t) decreases during a discharge pulse even in the constant-voltage mode of the
pulsed power supply (figure 2). Moreover, this decrease is more pronounced for the
to-target O, inlet at the highest value of p,,, due to a bigger increase in J;(¢) during
a pulse (see figure 3 in [21]) leading to the lowest value of Uy, for the highest value
of Sqa.

3.2. Model inputs

In table 3, we present the discharge characteristics and the corresponding basic sets
of internal discharge parameters used for various discharge regimes in our model
calculations carried out with a fixed argon partial pressure p; = 2Pa and a fixed
oxygen partial pressure p,,, ranging from 0.01 to 0.14 Pa (to account for the accuracy
of the measurement mentioned) at the pulse period 7}, = 2000 us. The total area
of the target and the target erosion area were A; = 78.54cm? and Ay, = 0.54;,
respectively. The substrate area was Ay = 0.25A; at the target-to-substrate distance
d = 100 mm, where we assumed a uniform film deposition.

The labels of the discharge regimes are given in the form ”(S4)-t,,-O2 inlet
orientation”, where T stands for the to-target O, inlet orientation and S stands for
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Figure 1. Schematic diagram of the deposition device with two different locations
and orientations of the Oz inlets in front of the target. Dashed lines represent the
to-target Og inlet configuration (20 mm from the target surface), and solid lines
represent the to-substrate Oz inlet configuration (25 mm from the target surface).
Positions of the pressure sensor (270 mm from the target-substrate axis) and the

Ar inlet in the back side of the vacuum chamber are also shown. Adapted from
[21].

Table 2. Deposition characteristics of the stoichiometric ZrOy films for the
to-target O inlet (denoted as T) and the to-substrate Oy inlet (denoted as S)
at the preset deposition-averaged target power densities (Sq) = 5.2, 5.4 and
51 — 53 Wem ™2, pulse durations ton = 200 s and 50 us, and a fixed argon partial
pressure p; = 2Pa. The oxygen partial pressures, p,n, oscillated between 0 and
0.08 Pa. Here, Sq4, is the average target power density in a pulse, Uq, is the
corresponding average magnetron voltage in a pulse, ap is the deposition rate of
films, and T'(O) and I'(OF ) are the fractions of the OF and OF ions, respectively,

in the total flux of positive ions onto the substrate. Adapted from [21].

Inlet ton <Sd> Sda Uda ap F(OJr) F(O;)
(ns) (Wem™)  (Wem™?) (V) (m/min) (%) (%)

T 200 5.2 44 — 51 403 — 408 11 0.5 1.7

S 200 5.4 35 —58 351 —347 ) 0.5 2.3

T 200 51.0 350 — 770 516 — 453 62 0.4 0.5

S 200 52.0 370 — 540 484 — 513 118 1.7 2.8

T 50 53.0 1650 — 2270 619 — 576 15 3.2 0.7

S 50 53.0 1700 —2100 673 —679 80 3.8 0.1

the to-substrate O inlet orientation. The 5-cont regime represents a conventional
continuous dc reactive magnetron sputtering with a standard O, inlet at a target

power density of 5 Wem ™2 used for comparison in this work.

The target current densities J;(), relating to the discharge regimes considered,
are derived from the measured waveforms (figure 2) using a piecewise linear function
approximation and the corresponding constant values of Uy, and Sy, given in table 3.
Let us emphasize that the durations of the initial rise in J;(t), ti,, presented in
table 3, are in good agreement with our experimental data (shown only for the
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Figure 2. Waveforms of the magnetron voltage, Uy, and the target current
density, J;, for a preset deposition-averaged target power density (Sgq) =
52Wem ™2 at a pulse duration t,, = 200us and the to-substrate Os inlet.

”

During the experiment, the waveforms oscillate between the “Maximum p,,,” and

“Minimum p;y,” curves, as the oxygen inflow varies to control the reactive sputter
deposition of stoichiometric ZrOs films. The approximate average waveforms used
in the model are shown by solid lines.

50-200-S regime in figure 2).

Owing to the lack of data in the literature, the time evolution of the reduction
factor Ry(t) and the probability By, (¢) during pulses, and the values of R;(t;,) and
B (tin) were estimated on the basis of the data obtained for HiPIMS of metals.
We used the data from [42, 43] for determination of R;, and from [43, 46-48] for
determination of B,. With a Cu target, R; decreased to 0.58 during a pulse at
Sqa = 500 Wem ™2 [42]. With an Al target, R, decreased to 0.50 during a pulse at
Siqa < 500 Wem ™2 [43]. We used Ry(t,) = 0.5 for Sga = 500 Wem ™2 (see table 3).
Taking into account that R; decreases with an increasing Sg4,, we used extrapolated
values Ry(ti,) = 0.9 for Sg. = 50 Wem ™2 and Ry(ti,) = 0.2 for Sy, = 2000 Wem ™2,
With the Al target, By, increased up to 0.6 during a pulse at Sg, < 500 Wem ™2
[43]. With a Nb target, B, = 0.83 for a strong magnetron’s magnetic field and
B, = 0.46 for a weak magnetron’s magnetic field at Sg, = 2500 Wem ™2 [46]. We
used By (tn) = 0.5 for Sga = 500 Wem ™2 (see table 3). Based on the measured
difference in the deposition rate per average target power density in a period obtained
for Sga = 35Wem ™2 and Sg, = 450 Wem ™2 with a Zr target [47], we estimated
Bu(tin) = 0.2 for Sga = 50 Wem ™2 (see table 3). Taking into account that the
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ionization probability of sputtered atoms, [, increases with Sy, and that the ion
return probability, o,,, decreases with an increasing Uy, [48], we estimated, using a
relation B = B0, Bu(tm) = 0.6 for Sy, = 2000 Wem ™2 (see table 3). Taking into
account a big difference between the ionization energy of zirconium (6.63eV) and
atomic oxygen (the lowest ionization limit of 13.62 eV [49]), we put By, = 2B,. Under
the simplifying assumptions that the probabilities of the dissociation of reactive
gas molecules in the flux onto the target and the substrate are the same and that
the reactive gas molecules are dissociated with the probabilities Dy = Dy before
ionization in the discharge plasma (see equations (7) and (12)), we used the measured
fluxes T'(OT) and T'(OF), given in table 2, to estimate the values of D; = D;. The
time evolution of the probabilities Dy(t) = D4(t) during the pulse-off time was
determined on the basis of the recent measurements of Britun et al. [50], who
reported a relatively slow decrease in the population of oxygen atom metastable
states with time after the pulse termination.

The estimations of the overfilling factors F; and F, are based on our own
measurements (unpublished), which were similar to those performed by Rossnagel
[51]. A second high-stability capacitance manometer was mounted at the end of
a movable, 25 mm diameter tube which extended through the chamber wall to the
position on the substrate side in front of one of two O, inlets (figure 1). The tube
was oriented toward the O, inlet and the axis of its bent last part was perpendicular
to the target surface. The measurements were carried out without a discharge to
separate the effect of the local Oy injection. To eliminate a natural increase of the
oxygen partial pressure in the vacuum chamber with time, we evaluated only the
pressure oscillations caused by first two @, pulses with a 2 — 3 second duration.
We found that a maximum value of the local oxygen partial pressure at a position
of 35 mm from the target surface, i.e. 10mm from the Oy inlet, was up to 3 times
higher for the to-substrate O, inlet with the same ®,, pulses as at (Sq) = 50 Wem ™2
than the corresponding maximum value p,;, = 0.08 Pa measured at the wall of the
vacuum chamber. The minimum local oxygen partial pressure was at least 0.03 Pa
whereas p,, = 0 under these conditions. Estimating the values of F; and Fj, we
took into account collisions of oxygen atoms and molecules on the way to the target
and substrate, respectively, and the fact that the pulsing ®,, values were typically
1.4 times higher for the to-substrate O, inlet [21].

In this work, we used the transport factors fi;m = firr = 0.0081. The value of
fom Was determined on the assumption that the deposition rate ap = 118 nm/min
obtained experimentally for the densified stoichiometric ZrO, films at the 50-200-S
regime (table 2) is equal to that calculated using the present model (equations (25)
and (26)) at p, = 0.05 Pa. It should be mentioned that fi,,, would be 0.0079 if we
identified ap = 11 nm/min obtained experimentally at the 5-200-T regime (table 2)
with that calculated using the model at p.,, = 0.05Pa. We assume 7, = 300K in
all simulations.

As for the material parameters, the atomic density of the non-reacted Zr target
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no = 4.30 x 10?2 cm 3, the stoichiometry factor of ZrO,, = 2, and the thickness of
the target and substrate surface layers hy = hy = 2.85 A. Based on the calculations
of the implantation depth of oxygen ions into the Zr target using the SDTrimSP
program [37], we evaluated the thickness of the target bulk layer hy, = 50 A We
also used the SDTrimSP program to determine the backscattering probabilities of the
oxygen atoms R, = 0.32 and R,. = 0.12, and of the zirconium atoms R, = 0.02
and Ry = 0.005 (see details in [21]), as well as the sputtering yields Yium, Y and
Y. (figure 3), and the knock-on implantation yield Y = 0.6. Let us recall that the
backscattering probabilities are only weakly dependent on the energy of ions striking
the target during pulses. In the range of the Ar™ ion kinetic energy ¢ = elUy, from
200eV to 1500eV, the calculated data for the sputtering yields Ym, Yme and Y.
can be fitted by the following power-law functions

Yim = 2.10 x 1072 x (£ — 91.4)%%63 (29)
Vine = 1.78 x 107* x (e — 162.0)%5% (30)
Yie= 1.43 x 1072 x (¢ — 90.7)%%3%8 | (31)
The effective ion-induced secondary electron emission yield v = 0.1 in all

calculations.

We assumed the sticking coefficients af, = o, = 1.0 for O atoms (see, e.g.,
[25, 27, 28, 39]). For Oy molecules on the target surface, we used the estimations
at = 0.2 (table 5.1 in chapter 5, p 184 in [52]) during discharge pulses when
t < ton, a = 0.5 in a short period of the plasma activation t,. = 25 us after the
pulses when t,, < t < ton + tae, in which the electron and ion densities between
the target and substrate remain very high [53], and af_ = 0.005 [39] in a successive
part of the pulse-off times when t,, + t,c <t < T,,. Here, it should be mentioned
that vibrational excitations of the Oy molecules in a discharge plasma can result in
their significantly enlarged sticking coefficients [54]. During the time ¢,. after the
pulse termination, the sticking coefficient ! _ is effectively increased by including
a relatively high flux of low-energy OF ions coming from the discharge plasma
onto the target. Let us recall that according to the SDTrimSP program [37], the
backscattering probability of O atoms from a metal part of the Zr target is 0.41 for
the kinetic energy of OF incident ions of 25eV. For O, molecules on the substrate
surface, we used the estimation af = 0.5 when t < t,, + t,.. It takes into account
particularly the effect of enhanced flux of the low-energy O3 ions onto substrates
in reactive HIPIMS discharges, but also a generally higher sticking coefficient of the
reactive gas molecules on the substrate surface layer than on the target surface layer
[52]. We assumed of, = 0.005 [39] in the remaining part of the pulse period when
ton + tac <t <T,. For the 5-cont regime, we set o) = af = 0.2.

3.3. Model calculations and discussion

In the following, we present the results of model calculations. First, we show and
explain the time evolution of the compound fractions in the target and substrate
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Figure 3. The sputtering yields of Zr atoms from a non-reacted Zr surface, Y,
and of Zr and O atoms from a ZrOs surface, Yy, and Y;¢, respectively, as functions
of the kinetic energy of incident Ar™ ions. Calculated by the SDTrimSP program
[37].

layers during a pulse period (figures 4 and 5), and the fractions of the individual
processes changing the oxygen content in the target and substrate layers during
the whole film deposition (tables 4-6) after stabilization of the sputtering process
at a fixed oxygen partial pressure p,,, = 0.05Pa. This partial pressure is close
to the mean value of p,, during the controlled oscillations in experiments. Then,
we show and explain the stabilized compound fractions in the target and substrate
surface layers obtained for different discharge regimes at various fixed oxygen partial
pressures (figures 6-8). Lastly, we present and discuss the deposition rates of films
calculated by the model (figure 9).

3.3.1. Compound fractions in the target and substrate layers

3.3.1.1. Fized oxygen partial pressure p,, = 0.05Pa Figures 4 and 5 show the
stabilized time evolution of the compound fractions in the target and substrate layers
during a pulse period 7}, = 2000 pus for the 50-200 regimes and the 50-50 regimes
at prm = 0.05Pa. As can be seen, the changes in O, O and ©y, during a pulse
period are relatively small. The largest change (from 22 % to 15 %) was observed
for the compound fraction O at the 50-50-T regime. In contrast, almost negligible
time changes were observed for the low compound fraction Oy,, as illustrated for the
50-200-S regime in figure 5. The main reason is a much higher thickness hy, = 50 A
compared with Ay = hg = 2.85 A.

Very low values of O(t) < 8 % and Oy < 12 % achieved for the pulse durations
ton = 200 us and to, = 50 us, respectively, with the to-substrate O, inlet (figures 4
and 5) can be explained mainly by a high knock-on implantation flux of oxygen
atoms I'}.. (see equation (11) and the Iy, fractions of 61.4 % and 56.8 % in table 4)

t
spr

and by a high sputtering flux of oxygen atoms I'} . (see equation (15) and the Ig,,
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Table 3. Discharge characteristics and the corresponding basic sets of internal
discharge parameters used for various discharge regimes in our model calculations.
The labels of the discharge regimes are given in the form “(S4)-ton-Os inlet
orientation”, where T stands for the to-target Oy inlet and S stands for the
to-substrate Og2 inlet. The 5-cont regime represents a continuous dc reactive
sputtering at a target power density of 5Wem 2. Here, U, is a constant
magnetron voltage during a pulse or discharge (5-cont regime), Sq, is the average
target power density in a pulse and ¢;,, is the duration of the initial rise in the
target current (see figure 2). Ry(¢) is the reduction factor of the flux of reactive gas
atoms and molecules onto the target due to gas rarefaction and ionization; Fi and
Fy are the overfilling factors of the reactive gas on the target side and the substrate
side, respectively, of the reactive gas inlets; By, (t) and B;(t) are the probabilities
of ionization and subsequent return of sputtered metal atoms and reactive gas
atoms, respectively, onto the target, and Dy (t) and Dg(t) are the probabilities of
dissociation of reactive gas molecules in the flux onto the target and substrate,
respectively. During a pulse period, R;(t) decreases linearly from R¢(0) = 1 to the
given value of Ry(tiy) for t = tj,, then it remains constant till ¢ = ¢,, and finally
Ry(t) = 1 for ton < t < Tp,. Bn(t) and B,(t) increase linearly from B,,(0) =
2B,(0) = 0 to the given values By, (tin) = 2B;(tin) = B(tin) for t = ti,, then they
remain constant till ¢ = t,, and finally By, (t) = 2B.(t) = 0 for ton, < t < Tp.
D¢ (t) and Ds(t) increase linearly from D;(0) = D4s(0) = 0 to the given values
D¢ (tin) = Ds(tin) = D(tin) for t = tin, then they remain constant till ¢t = to, + tac,
where t,. = 25 us is an assumed duration of plasma activation after pulse, and

finally they decrease exponentially as Dy(t) = Ds(t) = D(tin)exp[—M]
with 7 = 434.3 us for ton + tac <t < Tp.
Regime Uda Sda tin  Ri(tin) Fr Fs B(tm) D(t)
(V) (Wem™)  (us)
5-cont 300 - - 1.0 1.0 1.0 0.05 0.05
5-200-T 405 50 125 09 20 1.2 0.20 0.20
5-200-S 350 50 125 09 1.0 20 0.20 0.20
50-200-T 485 500 25 05 20 1.2 0.50 0.40
50-200-S 500 500 25 0.5 1.0 20 0.50 0.40
50-50-T 600 2000 25 02 20 1.2 0.60 0.80
50-50-S 675 2000 25 0.2 1.0 20 0.60 0.80

fractions of 38.6 % and 43.2 % in table 4), due to the high values of I'j; during the
pulses, at decreased chemisorption fluxes of oxygen particles I't; on the target surface
(see the reduction factors Ry(ti,) = 0.5 and 0.2, and F; = 1.0 in equation (3)). As
expected, an increased flux of the oxygen particles onto the target (F; = 2.0) at
the to-target Oy inlet leads to increasing chemisorption fluxes I't,. As a result, the
compound fractions in the target surface layer increase up to O(t) < 16 % and
O < 22 % for the pulse durations t,, = 200 us and t,, = 50 us, respectively.

As can be seen in figure 4, the compound fractions in the substrate surface
layers, O, are systematically higher for the to-substrate O, inlet than for the to-
target Og inlet at the same pulse durations. The main reason is an increased flux of
the oxygen particles onto the substrate (Fy = 2.0) resulting in higher chemisorption
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Figure 4. Time evolution of the compound fractions in the target surface
layer, O5(t), and in the substrate surface layer, O5(t), calculated using the basic
set of internal discharge parameters (table 3) for a pulse period T;, = 2000 us
after stabilization of the sputtering process at a fixed oxygen partial pressure
prm = 0.05 Pa, a deposition-averaged target power density (Sq) = 50 Wem ™2 and
pulse durations to, = 50 us and 200 us with the to-target O2 inlet (dashed lines)
and the to-substrate Oz inlet (solid lines).

fluxes I, given by equation (17).

In all cases considered, the corresponding values of O and © are higher at
ton = 50 us than at t,, = 200 us. For Oy, this is mostly a consequence of higher
chemisorption fluxes I't; due to a substantially increased dissociation probability
Dy (tin) = Ds(tin) from 0.4 up to 0.8 (table 3) at t,, = 50 us when the average target
power density is 4 times higher in a pulse (Sg, = 2000 Wem™2) than at ¢, = 200 ps
when Sg, = 500 Wem ™2, In addition, absolute values of Iy, and Iy, decreasing
Oy, are reduced at t,, = 50 us compared with t,, = 200 us, as 'y, appearing in
equations (11) and (15), respectively, is on average less than 4 times higher during
the pulses at t,, = 50 us than at t., = 200 us owing to a higher Uy, (table 3) at the
same () = 50 Wem ™2, For Oy, higher chemisorption fluxes I'S, due to the enlarged
dissociation probability Ds(ti,) = 0.8 are combined with reduced deposition fluxes
of the zirconium atoms sputtered from the target, I'$ at ton = H0pus (see the

dem>
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Figure 5. Parts of the time evolution of the compound fractions in the target
surface layer, ©4(t), the target bulk layer, ©y(t), and the substrate surface layer,
O5(t), calculated using the basic set of internal discharge parameters (table 3) for
a pulse period T}, = 2000 us after stabilization of the sputtering process at a fixed
oxygen partial pressure p;,;, = 0.05 Pa, a deposition-averaged target power density
(Sa) = 50 Wem ™2 and a pulse duration to, = 200 us with the to-substrate Oq
inlet.

increased Oy and By, (t,) = 0.6, and the mentioned less than 4 times higher T’y
values in equation (19)). As a result, the differences between the corresponding
values of Oy at t,, = 50 us and t,, = 200 us are slightly (by 2 %) higher than those
between the corresponding values of Oy.

Table 4 shows that the chemisorption of oxygen particles during a pulse-off time
becomes a dominant process increasing the oxygen content in the target surface
layer for the 50-50-T regime and the 50-50-S regime at p,, = 0.05Pa with the
Iy o fractions of 50.9% and 53.5 %, respectively. This can be explained by a
relatively high value of the dissociation probability D;(t) in the pulse-off time. Let
us recall that Dy(t;,) = 0.8 only in the second half of the short 50 us pulses, then
it remains constant for 25 us and finally it decreases relatively slowly (10 times) for
75 pus < t < 1075 ps (table 3). As can be seen in table 4, the transfer of oxygen atoms
into the target surface layer due to the exposure of the compound from the target
bulk layer with the I, fractions ranging from 44.6 % to 61.8 % is an important
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Table 4. Fractions of the individual processes that contribute to the increase
(first 4 columns) and decrease (last 2 columns) of the oxygen content in the target
surface layer (equation (1)) during various discharge regimes after stabilization
of the sputtering process at a fixed oxygen partial pressure p,, = 0.05Pa. The
contributions of the individual processes are calculated using equations (22)—(24).
Here, Ich,on and o of represent the chemisorption of oxygen particles during the
pulse-on and pulse-off time, respectively, lexp, represents the transfer of oxygen
atoms into the target surface layer due to the exposure of the compound from the
target bulk layer, and I4is, represents the direct implantation of oxygen ions into
the target surface layer. The processes decreasing the oxygen content in the target
surface layer are the sputtering of oxygen atoms, characterized by Igp,, and the
knock-on implantation of oxygen atoms into the target bulk layer, characterized

by Ikir-

Increase of Oy Decrease of Oy

Regime Ich,on Ich,off Iexp Idisr Ispr Ikir
(o) (%) (%) (%) (%) (%)

5-cont 35.7 0.0 61.8 2.5 41.9 58.1
5-200-T 11.8 28.6  56.6 3.0 44.6 55.4
5-200-S 11.6 25.2 614 1.8 37.7 62.3
50-200-T 8.1 30.8 594 1.7 39.0 61.0
50-200-S 8.4 32.0 58.8 0.8 38.6 61.4
50-50-T 1.5 50.9 46.8 0.8 42.3  57.7
50-50-S 1.6 53.5 44.6 0.3 43.2  56.8

process contributing to the increase of O in all cases investigated. As expected,
the effect of the direct implantation of oxygen ions into the thin target surface layer
on the compound fraction Oy is almost negligible (145, < 3.0 %).

Table 5 shows that the knock-on implantation of oxygen atoms from the target
surface layer with the I, fractions between 69.9 % and 89.4 % is a more effective
process increasing the oxygen content in the target bulk layer at p,,, = 0.05 Pa than
the direct implantation of oxygen ions with the I4;, fractions between 30.1 % and
10.6 %. As can be seen in table 5, the effect of the direct implantation of zirconium
ions on the decrease of Oy, gradually rises with the growing Sy, from 5 Wem™? (the
5-cont regime) to 2000 Wem ™2 (table 3). The Igpm fractions increase from 9.0 %
to 54.1% at the expense of the I, fractions (from 91.0 % to 45.9 %). Taking into
account that the direct implantation flux of zirconium ions I'f,, . given by equation
(13), is proportional to the fraction of ionized sputtered zirconium atoms in the ion
flux onto the target, my(t), expressed by equation (10), it is easy to understand the
evolution of Igp,. Let us recall the corresponding increase in By, (i), appearing in
equation (10), from 0.05 to 0.60 (table 3).

Table 6 shows that the chemisorption of oxygen particles during a pulse-off time
with the I, o fractions between 66.7 % and 91.8 % is a highly dominant process
increasing the oxygen content in the substrate surface layer at p,, = 0.05Pa in all
pulsed discharge regimes considered. The substantially enlarged Ioy on/lenoff ratios
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Table 5. Fractions of the individual processes that contribute to the increase
and decrease of the oxygen content in the target bulk layer (equation (2)) during
various discharge regimes after stabilization of the sputtering process at a fixed
oxygen partial pressure py, = 0.05Pa. The contributions of the individual
processes are calculated using equation (22). Here, Iy, and Igp, represent the
knock-on implantation of oxygen atoms from the target surface layer and the
direct implantation of oxygen ions, respectively. The processes decreasing the
oxygen content in the target bulk layer are the transfer of oxygen atoms into
the target surface layer due to the exposure of the compound from the target
bulk layer, characterized by Iexp, and the direct implantation of zirconium ions,
characterized by Iqibm.

Increase of O, Decrease of Oy

Regime Iy Igior Iexp  Ldibm

(%) (%) (%) (%)
H-cont 89.4 10.6 91.0 9.0
5-200-T 83.5 16.5 71.7 28.3
5-200-S 86.9 13.1 71.8 28.2
50-200-T 69.9 30.1 50.5 49.5
50-200-S 71.2 28.8 50.5 49.5
50-50-T 80.8 19.2 45.9 54.1
50-50-S 83.7 16.3 45.9 54.1

found for the chemisorption of oxygen particles on the substrates surface (table 6)
than on the target surface (table 4) at the corresponding high power 50-200 and
50-50 discharge regimes are mainly due to the higher sticking coefficient of oxygen
molecules on the substrate surface o = 0.5 than on the target surface af = 0.2 in
a pulse-on time (section 3.2). As can be seen in table 6, the effect of the deposition
of oxygen atoms sputtered from the target on the compound fraction Oy is almost
negligible (Ijer < 2.1%).

3.3.1.2. Various fixed oxygen partial pressures Figures 6-8 present the compound
fractions in the target and substrate surface layers at the end of the pulse period
T, = 2000 ps after stabilization of the sputtering process during different discharge
regimes (table 3) at various fixed oxygen partial pressures. The sensitivity of the
results obtained to small changes in the internal discharge parameters is shown in
figures 7 and 8.

In figure 6, we compare the stabilized compound fractions O and O obtained
for the low power 5-200-T and 5-200-S regimes, and for the continuous 5-cont regime
performed at the same target power density of 5 Wem ™2 during a deposition. As
expected (see equations (3) and (17)), O and Oy increase with an increasing py,
appearing in equation (4), for all discharge regimes. For the 5-200-T regime, we
obtained systematically higher values of O mainly due to an increased flux of
oxygen particles onto the target (Fy = 2.0 and Fy = 1.2) than for the 5-200-S regime,
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Table 6. Fractions of the individual processes that contribute to the increase of
the oxygen content in the substrate surface layer (equation (16)) during various
discharge regimes after stabilization of the sputtering process at a fixed oxygen
partial pressure p,;, = 0.05Pa. The contributions of the individual processes
are calculated using equations (22)—(24). Here, Ichon and Ign o represent
the chemisorption of oxygen particles during the pulse-on and pulse-off time,
respectively, and I4qe, represents the deposition of oxygen atoms sputtered from
the target. These processes are balanced by the deposition of the zirconium atoms
sputtered from the target, characterized by Igem-

Regime Ich,on Ich,off Ider

%) (%) (%)

H5-cont  97.9 0.0 2.1
5-200-T 25.4 73.0 1.6
5-200-S  25.3 74.1 0.6

50-200-T  31.7 66.7 1.6
50-200-S  31.3 68.2 0.5
50-50-T 7.8 91.0 1.2
50-50-S 7.8 91.8 0.4

when we obtained systematically higher values of ©¢ mainly due to an increased flux
of oxygen particles onto the substrate (F;, = 1.0 and F; = 2.0). Substantially reduced
(by 11% — 17%) values of O for the 5-200-S regime compared with the 5-cont

regime are the result of a complicated interplay between the knock-on implantation

t

epr» Which decrease Oy, and the transfer flux due

flux T}, and the sputtering flux T
to exposure I't,  and the chemisorption flux Ty, which are the dominant processes
increasing Oy (equation (1) and table 4). It should be noted that the ion flux 'y,
appearing in equations (11), (15) and (5) for I'y;,, T't,, and T, respectively, is on
average 8.6 times higher (see Uy, in table 3) during pulse-on time in the 5-200-S
regime than in the 5-cont regime and that the chemisorption flux I'f,, given by
equation (3), is decreased by the reduction factor Ry(t), with Ri(ti,) = 0.9, and
enlarged by the dissociation probability Dy (t), with Dy(t,) = 0.2, in the 5-200-S
regime (table 3).

As can be seen in figure 6, the compound fractions ©4 obtained for both
pulsed 5-200 regimes are slightly higher than for the 5-cont regime. This can be
explained by a higher chemisorption flux I'%,, given by equation (17), due to the
increased dissociation probability Dg(t), with Dg(t;,) = 0.2, and the enlarged sticking
coefficient o = 0.5 for t < t,, +t.c at a reduced deposition flux of zirconium atoms
sputtered from the target, IS . given by equation (19), due to the increased By,(?),

with By (ti,) = 0.2. For the 5-200-S regime, F; = 2.0 (table 3) and a systematically

S
dem?

lower Oy (figure 6) increase the values of I'S, and I' respectively.
Figure 7 shows the stabilized compound fractions O and Oy for the high
power 50-200-T and 50-200-S regimes. A rise in Sy, from 50 Wem ™2 for the 5-

200 regimes (figure 6) to 500 Wem ™2 for the 50-200 regimes is accompanied by the
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Figure 6. The compound fractions in the target surface layer, O, and in the
substrate surface layer, Og, calculated using the basic set of internal discharge
parameters (table 3) for the end of the pulse period T}, = 2000 ps after stabilization
of the sputtering process at various fixed oxygen partial pressures, a deposition-
averaged target power density (Sq) = 5 Wem ™2 and a pulse duration to, = 200 s
with the to-target Oz inlet (downward triangles) and the to-substrate Oy inlet
(upward triangles). For comparison, the corresponding stabilized values (circles)
of O and Og obtained for a continuous dc reactive sputtering at a target power
density of 5Wem™? are also given.

corresponding increase in the ion flux I'y; (on average 8.4 times and 7.0 times for the
50-200-T and the 50-200-S regime, respectively) and by the changes in the internal
discharge parameters Ry(t;,) from 0.9 to 0.5, By, (ti,) = 2B, (tiy) from 0.2 to 0.5, and
Dy (tin) = Ds(tin) from 0.2 to 0.4 (table 3).

As can be seen in figure 7, the significant increase of I'y, during the 50-
200 regimes at the same values of Ri(t;,) = 0.9, Bu(tin) = 2B.(tin) = 0.2 and
Di(tin) = Ds(tin) = 0.2 as for the 5-200 regimes leads to a rapid decrease of
the compound fraction O (see empty triangles in figure 7 and full triangles in
figure 6). A further, but much smaller, contribution to the decrease of O to the
values Oy < 16 % and even Oy < 8% (see full triangles) during a pulse period
at prm = 0.05 Pa for the 50-200-T regime and the 50-200-S regime, respectively, is
caused by a further increase in the knock-on implantation flux 'y, , given by equation
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Figure 7. The compound fractions in the target surface layer, O, and in
the substrate surface layer, Og, calculated for the end of the pulse period
T, = 2000 us after stabilization of the sputtering process at various fixed oxygen
partial pressures, a deposition-averaged target power density (Sgq) = 50 Wem ™2
and a pulse duration t,,, = 200 us with the to-target O2 inlet (downward triangles)
and the to-substrate Os inlet (upward triangles, squares and diamonds). The
values of Ot and O for (Sgq) = 50 Wem ™2 and to, = 200 us obtained using the
basic set of internal discharge parameters (table 3) for (Sq) = 50 Wem™2 and
5Wem ™2 at ton, = 200 us are marked by the full and empty triangles, respectively.
The dashed lines with squares, dotted lines with squares and dashed lines with
diamonds represent the values of Oy and ©O4 obtained using the basic set of
internal discharge parameters for (Sq) = 50 Wem ™2 and to, = 200 18, but with
(dashed lines with squares) Fy = 2.5, with (dotted lines with squares) Fy = 2.5
and By (tin) = 2B, (tin) = 0.6, and with (dashed lines with diamonds) Fy = 2.5,
B (tin) = 2Br(tin) = 0.6 and Dx(tin) = Ds(tin) = 0.6, respectively.

(11), due to a lower Oy, which is reduced by an enlarged direct implantation flux
I, when By, (ti,) increases from 0.2 to 0.5 (see equations (13) and (10)). Taking
into account the opposite effect of the decreased Ry(ti,) from 0.9 to 0.5 and the
increased Dy (ti,) from 0.2 to 0.4 on the chemisorption flux I'fy, given by equation
(3), we believe that the simultaneous changes in R (t;,) and Dy (%) have only a very
small influence on the compound fractions O determined. In contrast, a higher
chemisorption flux I'!, , given by equation (17), due to the increased Ds(t;,) from 0.2
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to 0.4, and a lower deposition flux of zirconium atoms sputtered from the target,
I‘S

dem>
same 'y, result in a significant rise in Oy (see full triangles).

given by equation (19), due to the increased By, (ti,) from 0.2 to 0.5 at the

As shown in figure 7, an increased flux of the oxygen particles onto the
substrate (Fy = 2.5), a higher probability of ionization and subsequent return of
sputtered zirconium atoms onto the target (By,(t;,) = 0.6), and a higher probability
of dissociation of oxygen molecules particularly in the flux onto the substrate
(Ds(tin) = 0.6) and to a much smaller extent also in the flux onto the target
(D¢(tin) = 0.6), lead to a further increase in the compound fraction ©g for the
50-200-S regime. Except for Dy(t;,) = 0.6, these changes in the internal discharge
parameters for the 50-200-S regime (table 3) result in very small changes in the
compound fraction ©. The higher Dy(t,) = 0.6 increases Oy due to a higher
chemisorption flux I'f,. As a consequence, Oy increases due to a lower deposition
flux I'S, ..

Let us recall that the very low values of Oy achieved for the 50-200-S regime are
of key importance for the reactive HiPIMS deposition of stoichiometric ZrO, films,
as they make it possible to improve the quality of the films due to a minimized
arcing and production of O~ ions on the target surface, and to enhance significantly
the deposition rate of films due to intense sputtering of zirconium atoms from a
large metallic part of the target [21].

Figure 8 shows the stabilized compound fractions O and ©4 for the 50-50-T
and 50-50-S regimes. A rise in Sg, from 500 Wem ™2 for the 50-200 regimes (figure 7)
to 2000 Wem ™2 for the 50-50 regimes with shortened voltage pulses (from 200 us to
50 ps) is accompanied by the corresponding increase in the ion flux I'y; (on average
3.2 times and 3.0 times for the 50-50-T regime and the 50-50-S regime, respectively)
and by the changes in the internal discharge parameters Ry(t;,) from 0.5 to 0.2,
B (tin) = 2B, (tin) from 0.5 to 0.6, and Dy(ti,) = Ds(tin) from 0.4 to 0.8 (table 3).

As can be seen in figure 8, the significant increase of I'yy during the 50 us
pulses at the same values of Ry(ty,) = 0.5, Bu(t) = 2B.(ti,y) = 0.5 and
Di(tin) = Ds(tin) = 0.4 as for the 50-200 regimes (table 3) leads to almost the
same values of O (see empty triangles) as for the 50-200 regimes (see full triangles
in figure 7). However, the values of Oy calculated under these conditions (see empty
triangles) are systematically lower than for the 50-200 regimes (see full triangles in
figure 7). The use of the parameters Ry(ty,) = 0.2, By (tin) = 2B:(ti,) = 0.6 and
Di(tin) = Ds(tin) = 0.8 resulted in a considerable rise (see full triangles in figure 8)
in Oy, caused mainly by a higher chemisorption flux I't; due to the enlarged Dy(t),
and in O, caused mainly by a higher chemisorption flux I}, due to the enlarged
Dg(t) and by a lower deposition rate I, due to the higher B, (t). In all cases
considered, the corresponding resulting values obtained for O and O are higher
at to,, = H0 pus than at t,, = 200 us, as presented for p,,, = 0.05Pa in figure 4 and
discussed before.

As shown in figure 8, an increased flux of the oxygen particles onto the substrate
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Figure 8. The compound fractions in the target surface layer, ©.s, and in
the substrate surface layer, Og, calculated for the end of the pulse period
T, = 2000 us after stabilization of the sputtering process at various fixed oxygen
partial pressures, a deposition-averaged target power density (Sgq) = 50 Wem ™2
and a pulse duration t,,, = 50 us with the to-target O inlet (downward triangles)
and the to-substrate Os inlet (upward triangles, squares and diamonds). The
values of O and Oy for (Syq) = 50 Wem ™2 and ton, = 50 us obtained using
the basic set of internal discharge parameters (table 3) for (Sq) = 50 Wem ™2
at ton = 50 us and 200 us are marked by the full and empty triangles, respectively.
The dashed lines with squares, dotted lines with squares and dashed lines with
diamonds represent the values of Oy and O4 obtained using the basic set of
internal discharge parameters for (Sgq) = 50 Wem ™2 and to, = 50 us, but with
(dashed lines with squares) Fy = 3.0, with (dotted lines with squares) Fy = 3.0
and By (tin) = 2B, (tin) = 0.7, and with (dashed lines with diamonds) Fy = 3.0,
B (tin) = 2Br(tin) = 0.7 and Dx(tin) = Ds(tin) = 0.9, respectively.

(Fy = 3.0), a higher probability of ionization and subsequent return of sputtered
zirconium atoms onto the target (Bn(tim) = 0.7), and a higher probability of
dissociation of oxygen molecules in the flux onto the substrate (Ds(ti,) = 0.9) lead to
a further increase in the compound fraction Oy for the 50-50-S regime. In contrast,
these changes (including Dy (ti,) = 0.9) in the internal discharge parameters (table 3)
result in very small changes in the compound fraction O.
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3.3.2. Deposition rate of films

Figure 9 presents the deposition rates of zirconium atoms deposited on the substrate
area Ag, M, after stabilization of the sputtering process during different discharge
regimes (table 3) at various fixed oxygen partial pressures. Let us recall that the
values of Mj, given by equation (25), are directly related to the deposition rates, ap,
of the films produced (equation (26)).

To understand the dependences obtained for M, and thus also for ap (table 2),
we simplified formula (25). Substituting for ['y; from equation (6) into formula (25),
we can write

o %%Ymm (1 Ot %@m) (1— Bu)fom:  (32)

where we introduced the pulse-averaged target current density, Ji., the pulse-
averaged compound fraction in the target surface layer, Oy,, and the pulse-averaged
probability of ionization and subsequent return of sputtered metal atoms onto the
target, Bua. Using the simple generalized relation Y, = kg,US, where kg, is a
constant for a given metal [40, 55|, and taking into account that Sg, ~ UqgaJia (see
equation (27)), (Sa) =~ Saaton/T, and Yoe/Ymm < 0.05 (see equations (29) and (30)),
we can obtain a simplified relation for My (and thus also for the deposition rate of
films, ap) applicable to a reactive HiPIMS deposition

kSpUJaO.E)
N, (1 +7)

Figure 9 shows the rates My calculated using the corresponding basic sets of

M
ap = (1 —0.950450)(1 — Bma) firm

(Sa).  (33)
the internal discharge parameters for all discharge regimes investigated (table 3).
Moreover, a high sensitivity of My to an increased flux of the oxygen particles onto
the target (Fy) and to a higher probability of ionization and subsequent return of
sputtered zirconium atoms onto the target (B, ) is presented for the 50-200-T regime
(Fy = 2.5 and By, (ti,) = 2B:(tin) = 0.6) and the 50-50-T regime (F; = 3.0 and
B (tin) = 2B (tin) = 0.7). In all cases considered, the values of My decrease with an
increasing oxygen partial pressure due to an increasing compound fraction Oy (see
the increased O, in relation (32) or (33), and figures 6 — 8). The corresponding
values of M are systematically higher for the to-substrate O, inlet than for the to-
target Oy inlet due to lower values of O (figures 6 — 8). As expected, the increased
F; and By, result in a decrease of My (see the increased Oy, and By, in relation
(32) or (33)).

Taking into account that the mass density of the deposited stoichiometric ZrO,
films was close to that for a bulk material [21] and that the compound fraction on
the substrate calculated by the model is close to unity, we can use equation (26)
to compare the calculated and measured deposition rates of the films using a fixed
Nme = 2.78 x 102 cm ™ determined from the bulk density of ZrO,. Let us note
again, that the experiments were carried out using a pulsed (i.e., not continuous)
reactive gas (oxygen) flow control, but the model calculations were carried out for
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a fixed oxygen partial pressure. For the comparison of the deposition rates we used
prm = 0.05 Pa for all discharge regimes.

For the 50-200-S regime, the deposition rate of 118 nm/min calculated for the
basic internal discharge parameters is equal to the measured value (see table 2),
as the transport factor fi., = fir used in this work was determined using the
deposition rate measured for this regime. For the 50-200-T regime, the calculated
deposition rate is in the range of 111 — 89 nm/min, where the first value corresponds
to the basic internal discharge parameters (see table 3) while the second value was
obtained with Fy = 2.5 and By, (ti,) = 2B, (tin) = 0.6 (see full diamonds in figure 9).
The measured deposition rate of 62 nm/min is, however, lower than the calculated
range. This indicates that in reality, there might be a higher flux of oxygen onto the
target than assumed due to the proximity of the reactive gas inlet to the target and
its orientation toward the target. Also larger differences in B, might be expected
between the to-target and to-substrate regimes due to the changes in the discharge
plasma.

For the 50-50-S regime, the calculated deposition rate of 92nm/min (see M;
in figure 9) is in good agreement with the measured value of 80 nm/min. Again,
a larger disagreement is observed for the 50-50-T regime for which the calculated
values of 87—65 nm/min corresponding to the M interval in figure 9 are significantly
higher than the measured value of 15 nm/min.

For the 5-200-S and 5-200-T regimes, the deposition rates calculated for the
basic internal discharge parameters are of 16 and 11 nm/min, respectively. In the
case of the 5-200-T, the measured value of ap = 11 nm/min is in excellent agreement
with the calculated value. As mentioned in section 3.1, the very low value of
ap = 5nm/min measured for the 5-200-S regime cannot be compared with the
calculated value.

A slight increase in M achieved for the 5-200-S regime, compared with the 5-
cont regime (figure 9), is a result of the significantly decreased Oy (see the decreased
Otsa in relation (32) or (33) and figure 6) at the increased By, (ti,) from 0.05 to 0.20
and the increased Uy, from 300V to 350V (table 3).

4. Conclusions

We present a time-dependent parametric model for reactive HiPIMS deposition of
films. The model takes into account specific features of HiPIMS discharges, namely,
gas rarefaction and ionization in front of the sputtered target, backward flux of the
ionized sputtered metal atoms and reactive gas atoms onto the target, and high
degree of dissociation of reactive gas molecules in the fluxes onto the target and
substrate. Moreover, the model can account for a possible increase in the density of
the reactive gas in front of the reactive gas inlets placed between the target and the
substrate.

The model makes it possible to calculate the compound fractions in two target
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Figure 9. The deposition rate of Zr atoms on the substrate, Mg, calculated after
stabilization of the sputtering process at various fixed oxygen partial pressures for
(Sq) = 50 Wem™2 at to, = 200 s and 50 ps, and (Sq) = 5 Wem ™2 at to, = 200 us
with the to-target Os inlet (downward triangles, squares and diamonds) and the
to-substrate Oz inlet (upward triangles). The values of Mg obtained using the
corresponding basic sets of internal discharge parameters (table 3) are marked
by the full triangles. The dashed lines with full squares and diamonds represent
the values of Mg obtained using the basic set of internal discharge parameters
for (Syq) = 50 Wem ™2 and to, = 200 us, but with (full squares) Fy = 2.5, and
with (full diamonds) Fy = 2.5 and By, (tin) = 2B (tim) = 0.6, respectively. The
dotted lines with empty squares and diamonds represent the values of My obtained
using the basic set of internal discharge parameters for (Sgq) = 50 Wem ™2 and
ton = 50 pus, but with (empty squares) Fi = 3.0, and with (empty diamonds)
F; = 3.0 and By (tin) = 2B:(tin) = 0.7, respectively. For comparison, the
corresponding stabilized values (circles) of M obtained for a continuous dc reactive
sputtering at a target power density of 5 Wem ™2 are also given.
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layers and in one substrate layer, and the deposition rate of films at fixed partial
pressures of the reactive and inert gas. A simplified relation for the deposition rate
of films prepared using a reactive HiPIMS is presented.

We used the model to simulate controlled reactive HiPIMS depositions of
the stoichiometric ZrO, films, which were carried out in our laboratories with
two different configurations of the O, inlets in front of the sputtered target [21].
Comparing the experimental values obtained for the deposition rate of the films with
the corresponding theoretical predictions, we can conclude that our model provides
a good qualitative picture of the complicated processes on the target and substrate
surfaces, and in the discharge plasma, which determine the deposition mechanisms
in the HiPIMS discharges investigated. Only in the case of the to-target Os inlet
at (Sq) ~ 50 Wem ™2, particularly for the shorter discharge pulses with t,, = 50 s,
we observed a larger disagreement between the calculated and measured deposition
rates of the films. The results achieved might help in the design of new sputter
sources, particularly in combination with new reactive gas inlet configurations, and
in the choice of their operating conditions.

The highest deposition rate of the ZrO, films ap = 118 nm/min was achieved
for the target-to-substrate distance d = 100 mm at the deposition-averaged target
power density (Sg) = 50 Wem ™2 and the pulse duration Z,, = 200 ys with the to-
substrate O, inlet. Under these conditions, the compound fraction in the target
surface layer was very low (O < 10%). This is of key importance not only for
intense sputtering of Zr atoms from a large metallic part of the target, but also for
a minimized arcing and production of O~ ions on the target surface.
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