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A B S T R A C T   

Back-attraction of ionized metal is an important process in reactive high power impulse magnetron sputtering (R- 
HiPIMS). Here, we discuss the implementation of the metal return in balance type models for reactive magnetron 
sputtering. We show that the existing description of surface processes needs to be modified to satisfy mass 
conservation. A new steady-state time-averaged model is presented and used to evaluate the effect of the metal 
return in R-HiPIMS. The results show that the metal return leads to an increased oxide fraction in the deposited 
coating in R-HiPIMS. This effect can explain the high rate deposition of stoichiometric compounds deposited in 
the metal mode of operation that has been observed experimentally.   

1. Introduction 

High power impulse magnetron sputtering (HiPIMS) is a recently 
developed variant of magnetron sputtering [1]. It has attracted attention 
as a deposition technique that, while compatible with magnetron sput-
tering systems, has potential to improve properties of deposited thin 
films by ionizing the deposition flux. High fraction of ions in the material 
flux in HiPIMS enhances surface diffusion which has a beneficial impact 
on the material crystal structure [2–4], or density [5]. HiPIMS is also a 
powerful technique for stress engineering especially when combined 
with a synchronized substrate bias [6]. Reactive HiPIMS is very inter-
esting for synthesis of compound thin films at reduced deposition tem-
perature. Wide range of materials have been successfully deposited by 
reactive HiPIMS [7]. 

Reactive magnetron sputtering suffers from hysteresis of the process 
parameters with respect to the supply of the reactive gas [8,9]. This 
behaviour is a major technological challenge with huge impact on the 
deposition rate and composition of the deposited material [10]. The 
finding that the hysteresis may be reduced or completely eliminated in 
HiPIMS as compared to the traditional dc magnetron sputtering (dcMS) 
has therefore attracted much attention [11]. The hysteresis is caused by 
the formation of a compound layer on the target surface. This leads to an 
abrupt decrease in the sputtering rate as the sputtering yield of most 
oxides and nitrides is much lower than that of the corresponding metals. 

It is generally accepted that reactive HiPIMS may exhibit more 
gradual target poisoning than a dc magnetron sputtering (dcMS) 

process. However, the exact origin of this behaviour is still unclear and 
several mechanisms have been proposed to explain the observed 
reduction of hysteresis. These have been: 1) fast cleaning of the sput-
tering target surface due to the high current density in a pulse [12], 2) 
gas rarefaction and thus reduction of the flux of reactive gas to the target 
surface [13], 3) a change in the sputtering as a result of increased 
discharge voltage [14], or 4) return of the sputtered ionized metal ions 
back to the cathode surface [15]. This metal back-attraction results in a 
reduced deposition rate in HiPIMS [16,17] and the returning metal has a 
pronounced effect on the target surface composition as demonstrated by 
Kadlec and Capek [15,18]. 

Direct experimental characterization of the sputtering target in situ is 
not possible and modelling is therefore an essential tool in under-
standing the underlying physics. Here, we focus on the description of 
surface processes relevant for reactive HiPIMS. The goal of this study is 
to develop a model that describes the effect of metal ions attracted back 
to the sputtering target surface. Process curves simulated with the model 
can be compared to experimental results from HiPIMS and the model 
can be used to describe surface processes in more comprehensive models 
that combine surfaces and plasma aspects of HiPIMS material 
processing. 
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2. Methodology 

2.1. Simple model with metal return 

Reactive magnetron sputtering can be simulated by a model based on 
balance equations pioneered by Berg [8]. The approach illustrated in 
Fig. 1 is, despite all simplifying assumptions, very powerful. The main 
process characteristics can be captured using a limited set of parameters. 
A set of three balance equations is used, one for the compound formation 
on the sputtering target, another for compound balance on the substrate 
surfaces, and the last one for consumption of the reactive gas. The 
fraction of the sputtering target surface covered by the compound, Θt, 
the fraction of compound at the substrate surface, Θs, and the total 
number of reactive gas atoms in the process atmosphere, N, are the 
corresponding state variables. The balance equations form a system of 
three ordinary differential equations. A steady-state solution can be 
obtained by setting the time derivatives to zero and thus reducing the 
system to a set of algebraic equations. 

The classical basic “Berg” model of reactive magnetron sputtering 
with atomic sputtering [8] can be extended to account for metal rede-
position at the target surface. Such a model, although time averaged, can 
describe the main characteristics of reactive HiPIMS. This is possible 
because the pulse length is short and the changes in the surface 
composition during a single pulse are very small as shown by Kozak and 
Vlcek [19]. In other words, we simulate an equivalent dc sputtering 
process with high ionization where a given fraction of the sputtered 
metal returns to the sputtering target. The model is applicable to HiPIMS 
cases where the metal back-attraction is the dominating physical 
mechanism. 

The reactive gas balance remains the same as in the classical model 
[20]: 

dN
dt

= qRG − 2 αRGFRG(1 − Θt)At − 2 αRGFRG(1 − Θs)As − SPpRG +
ji

qe
YCCΘtAt

(1)  

where qRG is the flow of reactive gas introduced to the system, αRG the 
sticking coefficient of reactive gas, At and As the effective areas of the 
target and receiving surface, respectively, and SP the pumping speed of 
the vacuum pump. The thermal flux of the reactive gas molecules to the 
target surface, FRG, is determined by the ideal gas equation FRG =

pRG
/ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2kBTπm
√ from the partial pressure pRG, temperature T, with m 

being the mass of a gas molecule, and kB the Boltzmann constant. The 
last term in Eq. (1) corresponds to the reactive gas atoms sputtered from 
the compound covered part of the target surface with the partial sput-
tering yield YCC that returns to the processing atmosphere. Note that a 

conversion is required in Eq. (1) to convert the natural units of gas flow 
(sccm) and the pump throughput, SPpRG, (Pa⋅m3⋅s− 1) to atoms⋅s− 1. The 
conversion factor is 2

/kBT from Pa⋅m3⋅s− 1 and 0.00186∙2/kBT from 

sccm. 
We consider ji to be the total ion current density. This simplification 

is possible since the difference in the argon, oxygen and metal sputtering 
yield is relatively small, compared to the large change in the sputtering 
yield upon surface oxidation [10]. The ion current is assumed to be 
evenly distributed over the whole sputtering target area At, and qe is the 
elementary charge. The electron current contribution to the discharge 
current is neglected as the secondary electron emission is typically only 
about 0.1 [21]. 

Substrate balance for the fraction Θs at the receiving area has to be 
modified as the metal flux to the substrate is reduced since part of the 
metal ions is attracted back to the sputtering target. As shown by Kadlec 
and Capek [15], a single parameter, δ, that describes the probability of 
metal back-attraction to the sputtering target may be sufficient to 
describe the hysteresis behaviour of reactive HiPIMS. The return prob-
ability δ is related to the metal ionization which increases with 
increasing peak power density. Although the value can be estimated 
from the deposition rate or from simulations [17,22] it is considered an 
input parameter in the presented work. The metal flux to the substrate is 
therefore reduced to (1 − δ) and the substrate balance has a form 

dΘs

dt
ns = 2 αRGFRG(1 − Θs) − (1 − δ)FM

At

As
Θs (2)  

where ns is the surface density of the sputtered metal, and FM denotes the 
total flux of metal sputtered from the target 

FM =
ji

qe
[YMM(1 − Θt)+YMCΘt ], (3)  

where YMM and YMC are the partial sputtering yields of metal from the 
metal and compound surfaces, respectively. 

After a seemingly straightforward extension of the sputtering target 
balance to account for the metal back-attraction, the balance equation 
for the sputtering target surface becomes 

dΘt

dt
ns = 2 αRGFRG(1 − Θt) −

ji

qe
YCCΘt − δFMΘt (4) 

The first and second term on the right-hand side are classical terms 
describing the formation of a compound by chemisorption of the reac-
tive gas, and removal of the compound by sputtering of the reactive gas. 
The last term describes the redeposition of metal on the compound 
covered part of the sputtering surface that leads to reduced compound 
coverage. 

2.2. Extended model 

As shown in the results section, the simple model based on Eq. (4) 
does not respect mass conservation of the reactive gas. The reason is that 
in the classical model (4), only the very surface of the sputtering target is 
considered. When a compound at the top surface gets covered by a 
redeposited metal, it disappears from the model. To correct for this 
shortcoming, we introduce a second layer under the target surface. This 
subsurface layer acts as a reservoir for the compound covered by the 
redeposited metal. This approach with several layers is analogous to 
models that take reactive gas implantation into consideration [20,23]. 
Fig. 2 illustrates the extended model. The compound fraction in this 
additional layer is increased only by the metal redeposition on the 
compound covered part of the top surface, δFMΘt. This buried compound 
is then exposed by sputter erosion of the target top surface. Therefore, 
the compound fraction in the subsurface layer, Θb, is determined simply 
by 

Fig. 1. Reactive gas flows in the model described by Eq. (1).  
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dΘb

dt
ns = δFMΘt − FMΘb (5) 

The balance for the target surface is similar to Eq. (4) with an 
additional term that describes the influx of compound from the sub-
surface exposed by sputtering, i.e. FMΘb, 

dΘt

dt
ns = 2 αRGFRG(1 − Θt) −

ji

qe
YCCΘt − δFMΘt +FMΘb (6) 

In steady state, Eqs. (5) and (6) can be combined to obtain a simple 
algebraic equation for Θt 

0 = 2 αRGFRG(1 − Θt) −
ji

qe
YCCΘt, (7)  

that is identical to the classical Berg-model without metal return. In this 
case, the compound concentration in the subsurface layer is directly 
proportional to the surface coverage: Θb = δΘt. Both the substrate bal-
ance Eq. (2) and reactive gas balance Eq. (1) remain the same as in the 1- 
layer model. Eq. (7) is identical to the one recently published by Fekete 
et al. [24] that was, however, derived using different assumptions. 

2.3. Input parameters 

Both models were evaluated with a set of input parameters sum-
marized in Table 1. The input values used in the simulations are adapted 
from [25], describing reactive sputtering of titanium in a mixture of 
argon and oxygen. 

3. Results and discussion 

Typical results from the simple 1-layer model based on Eq. (4) are 
presented in Fig. 3 for the deposition rate. The deposition rate is 
calculated from the metal deposition rate at the substrate, (1 − δ)FM

At
As

, 
assuming an average density determined by the stoichiometry of the 
deposited material. The shape and width of the hysteresis changes with 
increasing metal return probability. Hysteresis free behaviour indicated 
by a gradual transition from the metal to oxide mode can be observed for 
δ = 50% and higher. The results agree well with experimental results, 
such as [26] or [18]. Interestingly, however, the value of the critical flow 
changes only little with the changing of δ. This is surprising as the 
deposition rate, and thus also the reactive gas consumption at the sub-
strate, is decreasing with increasing δ. We attribute this behaviour to the 
last term in Eq. (4) that corresponds to the compound covered by the 
returning metal. Mathematically, the compound is thus removed from 
the system. This is, however, unphysical because the reactive gas is then 
lost from the total gas balance. This problem is best illustrated in the 
steady state when all state variables are constant over time. In such a 
case, the number of the reactive gas atoms gettered at the target must be 
equal to the number of atoms sputtered from the target surface. Balance 
equation (Eq. (4)), however, does not fulfil this requirement. As shown 
in Fig. 4, the gettering at the sputtering target is higher than sputtering 
of reactive gas from the surface. In the transition region, pRG in the range 
of 5 to 20 mPa, this difference is up to 0.1 sccm or about 20% of the total 
reactive gas flow. As a result, the total reactive gas consumption is 
increased artificially and the predicted Θt is reduced for a given O2 flow. 

We therefore conclude that the metal return implemented in Eq. (4) 
does not correctly describe the reactive process with metal return and 
needs to be further improved. Therefore, an extended model is intro-
duced based on Eq. (6) as described in Section 2.2. 

The results from simulations with the extended 2-layer model are 
shown in Fig. 5. The onset of the target poisoning decreases for 
increasing δ as illustrated by the deposition rate as well as the oxygen 
partial pressure in the figure. Therefore, the deficiency of the 1-layer 
model has been rectified. 

For comparison, Fig. 5 shows also the results from the 1-layer model 
based on Eq. (4). From the comparison, the shift of the metal-to- 
compound mode transition towards lower gas flows is obvious for the 
model with two layers. The hysteresis curves simulated with the new 
model, however, keep their S-shape. Even at δ = 80%, the transition is 
still very steep. No reduction of the hysteresis width is predicted by the 
model which is in stark contrast to the 1-layer model. This is also in 
contrast to experimental measurements where reduced hysteresis is 
typically reported [18]. The hysteresis behaviour is most likely affected 
by other processes, such as the gas rarefaction that is not accounted for 
in the presented 2-layer model. Better agreement may be achieved by 
including such additional processes. The metal return will have to be 

Fig. 2. Material fluxes in an extended model with metal return. The model 
contains two layers to keep track of the compound covered by the redepos-
ited metal. 

Table 1 
Input parameters used in the simulations.  

Parameter Value Description 

αRG 1 Sticking coefficient of oxygen on Ti 
YMM 0.4 Sputtering yield of Ti from Ti surface 
YMC 0.02 Partial sputtering yield of Ti from TiO2 surface 
YCC 0.12 Partial sputtering yield of O from TiO2 surface 
At 8 cm2 Area of the sputtering target 
As 400 cm2 Receiving area 
SP 0.03 m3 s-1 Pumping speed 
J 300 mA Total discharge ion current 
T 300 K Gas temperature 
ρTi 4560 kg⋅m− 3 Ti density 
ρTiO2 4230 kg⋅m− 3 TiO2 density 
ns 1.522⋅1019 m-2 Surface density of Ti  
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Fig. 3. Hysteresis in the deposition rate predicted using Eq. (4) for different 
values of the metal return probability δ. 
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included in all cases, however, as the other process do not account for 
the change in the deposition rate. On the other hand, the accuracy of 
steady state simulations cannot be improved by addition of more sub-
surface layers. Furthermore, the presented model uses time averaged 
values to describe the pulsed HiPIMS process. Despite this simplifica-
tion, the findings are interesting and worth further investigations. 

The simulated results have important implications on the film com-
positions that may be worth considering from an experimental point of 
view. For a given reactive gas partial pressure, the model predicts the 
same Θt independent of the value of δ, Fig. 6a). At the same time, the 
deposition rate is reduced with increasing δ as shown in Fig. 5. As a 
result, the deposited compound composition will be closer to the ideal 
stoichiometry for higher values of δ. This is exemplified in Fig. 6a) which 
shows the compound coverage for both the substrate and the target as a 
function of the partial pressure. While the target coverage, Θt, is inde-
pendent of the metal return, the substrate coverage, Θs, increases with 
increasing δ. Therefore, for the same reactive gas partial pressure, the 
deposition rate is lower and the concentration of reactive gas in the 
deposited film is higher. This may explain the behaviour reported by 
Wallin and Helmersson [12] as well as others [27,28] who observed 
deposition of a stoichiometric oxide in the metal mode of R-HiPIMS. 
Furthermore, this may also improve the process stability and simplify 
the process control using a feedback controller. Especially close to the 
border between the metal and oxide mode, the difference in Θs is sig-
nificant. The same results can also be displayed as a function of the 

reactive gas flow, Fig. 6b), to illustrate the hysteresis behaviour of the 
reactive process. Obviously, the reactive gas flow needs to be reduced to 
achieve the same target coverage. 

4. Conclusions 

To summarize, we have presented a new model of reactive magne-
tron sputtering with high metal ionization. It shows the effect of ionized 
metal back-attraction on the process characteristics. Although the model 
uses effective, time averaged values, it provides new insights into the 
sputtering process physics and can be later incorporated into more 
comprehensive dynamical models of ionized pulsed processes. 
Furthermore, the presented model can be improved by accounting for 
other effects, such as gas rarefaction. 

The results indicate that thin films that are close to ideal stoichi-
ometry can be synthesized in the metal mode of operation in the ionized 
process. For the same reactive gas partial pressure, the oxide fraction in 
the film is higher when the metal ionization is higher. This point to the 
possibility of stoichiometric compound deposition at a higher deposition 
rates compared to a deposition with low ionization that is carried out in 
the oxide mode. 
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