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A B S T R A C T

Reactive sputtering processes are quite complex processes and therefore difficult to understand in detail.
However, a number of attempts to clearify the behaviour of reactive sputtering of oxides and nitrides have been
made. Several process modelling results for such processes have been published that reasonable well mirrors the
actual experimental findings. All of these models indicate that the processes normally exhibit hysteresis effects
and that the oxides/nitrides will saturate at the stoichiometric compound values. We therefore call these pro-
cesses saturated reactive sputtering processes. Carrying out reactive sputtering in a hydrocarbon gas like CH4

instead of in oxygen or nitrogen cannot be described with the previously suggested models for oxide or nitride
formations. Decomposition of the CH4 molecule in the plasma may result both in carbide formation with the
target metal as well as plasma deposited carbon. Depending on the supply of the CH4 the deposited film com-
position may vary from 0 to 100% of carbon. In the extreme case of very high supply of CH4 a pure carbon film
will be deposited. We expect that similar behaviour will be found when carrying out reactive sputtering in other
solid material containing gases like e.g. silane or diborane. We have chosen to call such processes non-saturated
reactive sputtering processes. In order to understand the behaviour of non-saturated reactive sputtering pro-
cesses we have developed a new model that enables the user to find the response to individual processing
parameters and thus obtain a tool for process optimization. In order to limit the number of parameters our model
is outlined for reactive sputtering of Ti in a mixture of argon and CH4. In this article we report that the simulation
results reasonable well correlate with our experimental findings.

1. Introduction

Numerous results for process modelling of reactive sputtering of
oxides and nitrides have been published [1–13]. All of these models
clearly point out that for a sufficient supply of the reactive gases the
compositions of the deposited films will saturate at the stoichiometric
compound values of the oxides/nitrides. We therefore call these pro-
cesses saturated reactive sputtering processes. Further, the transition be-
tween metal rich films to compound rich films normally exhibits a
hysteresis like behaviour [1,8].

The situation is somewhat different when e.g. carrying out reactive
sputtering of Ti in a mixture of argon and some hydrocarbon gas e.g.
CH4. The gas may react with free Ti target atoms and form TiC. In
addition, hydrocarbon radicals may be generated by plasma decom-
position of the CH4 gas. Also these radicals may contribute to form TiC
at the Ti parts of the target and substrate surfaces. There is also a
possibility that some of the plasma generated radicals will be deposited
as free carbon at carbon containing parts. This indicates that carbon
may be incorporated in the deposited film both chemically bonded to Ti

to form TiC and also as pure carbon. Consequently, the deposited film
composition may contain Ti, TiC and pure carbon. The carbon con-
centration in the film may vary from 0 to 100% depending on the
supply level of the reactive gas. The film composition will not saturate
at stoichiometric TiC as the supply of the reactive gas reaches high
values [14,15]. We therefore choose to call such processes non-saturated
reactive sputtering processes.

Here we will present a quite simple model describing the possible
behaviour of such non-saturated reactive sputtering processes. The re-
sults from the model point out that it may be difficult to form TiC
without also having some contribution of pure carbon in the deposited
films. The possible incorporation of hydrogen in the films is neglected
in this model. We also want to point out that the original “Berg-model”
for reactive sputtering processes cannot be applied to non-saturated
reactive sputtering processes. This is the reason why we choose to
present this new model.
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2. Saturated reactive sputtering processes

Carrying out reactive sputtering in a mixture of Ar/O2 or Ar/N2 will
result in stoichiometric oxides or nitrides for sufficiently high supply of
the reactive gas. Assuming Ti as the target material the composition of
the deposited films will saturate at 66.7% atomic ratio of oxygen in the
deposited TiO2 films and at 50% atomic ratio of nitrogen in the de-
posited TiN films. These processes we would like to call saturated re-
active sputtering processes. Quite reliable process modelling has been
published that describes the behaviour of these processes [1–12]. In
summary these theoretical models may predict the width of the hys-
teresis and the relation between different processing parameters to the
overall behaviour of the process [8]. Fig. 1 illustrates the “model
chamber” that forms the base for the “Berg model” for reactive sput-
tering processes. At a certain supply of reactive gas both a fraction of
the target and a fraction of the substrate areas Θt and Θs respectively
will be covered by the compound formed by reactions of the reactive
gas with the target metal. In the original Berg model the compound is
assumed to be formed by surface reactions of the reactive gas and the
metal at the (1- Θt) and (1- Θs) parts of the surfaces that have not al-
ready formed the compound. Balance equations may be established for
the target and substrate areas assuming steady state conditions. Typical
target sputter erosion rates vs. supply of reactive gas for constant Ar ion
current density are shown in Fig. 2. Curves are plotted for different
reactivities α between the reactive gas and the metal target where
0 < α < 1. High reactivity may represent oxide formations and low
reactivity may represent nitride formations since oxygen is normally
much more reactive than nitrogen. If the supply of the reactive gas is
the control parameter the process will avalanche as indicated by the
dashed lines in the figure. In Fig. 3 is shown the consumption (get-
tering) of reactive gas at the target and the substrate as well as the

throughput to the external pump and in addition the total of these three
gas consumptions corresponding to the two curve parameters shown in
Fig. 2. Notice that the curves for the consumption at the substrates are
the only curves that have a negative slope. The negative slope of these
curves may cause the hysteresis behaviour for saturated reactive sput-
tering processes. The existence of a negative slope of the total reactive
gas consumption (Q) vs. partial pressure of the reactive gas (p) curve
confirms hysteresis of the process when Q is used to control the process
(Fig. 3 upper part). No negative slope means hysteresis-free process
(Fig. 3 lower part). Fig. 3 illustrates that the only way to reduce the
hysteresis is to find processing conditions with a very small negative
slope of the substrate curves or alternatively choose a very high
pumping speed to compensate for this negative slope. The cause of the
negative slope is that when the target gets poisoned (= oxidized/ni-
trided) less target metal atoms will be sputter eroded and deposited
onto the substrate. Less reactive gas will be needed to oxidize or nitride
these fewer deposited metal atoms and consequently less gas will be
consumed at the substrate despite the higher reactive gas pressure.

3. New model - unsaturated reactive sputtering processes

3.1. Target conditions

For simplicity we will use a mixture of Ar+CH4 as the processing
gas when sputtering from a Ti target to illustrate that this reactive
sputtering process will differ in behaviour from what has been de-
scribed when using gases like O2 and N2. The decomposed fractions of
CH4 containing plasma may react with Ti atoms to form TiC and also
decompose in the plasma to form free carbon atoms. This indicates that
there will be at least three different constituents in the deposited film,
namely Ti, TiC and free C. In Fig. 4 we show our “model-picture” of the
target in the processing chamber. The fraction at the target that has
formed TiC is denoted Θt1. The fraction that is covered by C is denoted
Θt2 and consequently the fraction of free unreacted Ti is defined as (1 -
Θt1 - Θt2). The relation between the flux F and the partial pressure P of
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Fig. 1. Model picture of a saturated reactive sputtering system.

0

0.2

0.4

0.6

0.8

1

0 1 2 3 4 5

N
or

m
al

iz
ed

 e
ro

si
on

 ra
te

Supply of reactive gas (sccm)

��= 0.1

��= 1

Fig. 2. Calculated total sputter erosion rate vs supply of the reactive gas. Curves
are for sticking coefficients α=1.0 and α=0.1.
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the reactive gas follows the Relation (1).

=F P
kTπm2 (1)

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

The original Berg model was developed assuming steady state
conditions in the chamber. In that model we only had to consider the
steady state balance between the fraction of free metal to the fraction of
formed compound at the target. In the case of steady state in the
chamber and having CH4 as the reactive gas we have to find two in-
dependent steady state balances at the target to be able to solve for Θt1

and Θt2. At steady state condition, the first balance will be that the rate
of forming TiC and free C at the three areas at the target must be
identical to the sputter erosion rate of carbon from the carbon con-
taining areas Θt1 and Θt2 at the target. This will give Eq. (2).

− − + + = +α F θ θ α Fθ α Fθ J
e

S θ J
e

S θ(1 )M t t t t t t c t cc t1 2 1 1 2 2 1 2 (2)

αΜ, αt1 and αt2 are the sticking coefficients of the flux F to the Ti,
TiC and C areas respectively. Sc and Scc are the partial sputtering yield
of carbon from the TiC and C areas Θt1 and Θt2 respectively. J is the
current density of sputtering argon ions and e is the elementary charge.
The first term at the left hand in Eq. (2) represents formation of TiC due
to the incoming flux F to the Ti surface fraction (1 - Θt1 - Θt2). The
second and third term represent formation of pure carbon on the TiC
and C regions Θt1 and Θt2 at the target due to plasma deposition of
carbon. We assume that no TiC formation can be obtained at these two
surface fractions. The two terms at the right hand side in Eq. (2) re-
present carbon sputter erosion from the two carbon containing surfaces
Θt1 and Θt2.

A second steady state equation may be defined by assuming that the
plasma formation of pure carbon at the TiC and C areas Θt1 and Θt2

respectively must be identical to the sputter erosion of free carbon from
the pure carbon area Θt2. Free carbon formation rate must be identical
to carbon sputter erosion rate from the free carbon area θt2.This gives

+ =α Fθ α Fθ J
e

S θt t t t cc t1 1 2 2 2 (3)

From the equations above it is possible to solve for Θt1 and Θt2 vs
the partial pressure P. It is also possible to obtain the total rate M0 of
sputtered Ti atoms/s from the target. This will be

= − − +M J
e

S θ θ S θ A[ (1 ) ]M t t MC t t0 1 2 1 (4)

At is the active sputter erosion area from the target. SM is the sputtering
yield of Ti from the Ti area fraction (1 - Θt1 - Θt2) of the target and SMC

is the partial sputtering yield of Ti from the TiC area Θt1.
In the same way the total rate of sputter eroded carbon atoms/s Co

can be calculated as

= +C J
e

S θ S θ A[ ]C t CC t t0 1 2 (5)

Mo and Co will be the target sputter erosion contribution to the film
formation at the substrate area. Since all carbon formed at the target
surface will be sputter eroded no net consumption of carbon will take
place at the target. In this model carbon consumption will only take
place by film formation at the substrate.

When the flux of CH4 reaches very high values a situation will occur
where the target will be totally covered by carbon when the sputter
erosion rate becomes less than the carbon formation rate at the target. A
net carbon film growth will thus take place at the target. Less carbon
will be outsputtered than what will be formed. The steady state con-
dition will no longer be valid and our simulation results will therefore
end when the process reaches this condition. From this position only
carbon sputtering from the target takes place and the deposited film
will consists of pure carbon.

3.2. Substrate conditions

In Fig. 5 is shown our model picture of the substrate in the pro-
cessing chamber. In addition to the sputtered Mo and C0 also the flux F
will contribute to the growing film. As in Section 3.1, we assume that
the process will generate Ti, TiC and free C at the substrate. The re-
quirement for steady state at the substrate is that the flux of all in-
coming Ti and C atoms/radicals will form the existing Θs1 and Θs2

values at the substrate. Here Θs1, Θs2 and (1 - Θs1 - Θs2) represent the
fractions of the substrate surfaces of TiC, C and Ti respectively.

C0(1 - Θs1 - Θs2) sputtered carbon atoms and αMSFAs(1 - Θs1 - Θs2)
carbon atoms/radicals from the gas will reach the fraction (1 - Θs1 - Θs2)
of the substrate area, As, and react with free Ti atoms and form TiC. In
addition the fraction M0Θs2 of sputtered Ti atoms will reach the surface
fraction Θs2 and form TiC by reacting with the free carbon atoms pre-
sent there. These three terms will together define the TiC formation rate
RTiC at the substrate surface.

= − − + − − +R C θ θ α FA θ θ M θ(1 ) (1 )TiC s s MS s s s s0 1 2 1 2 0 2 (6)

The rate C* of consumed carbon atoms/s in the deposited film will
be the sum of the sputtered carbon from the target C0 and the carbon
consumptions from the CH4 gas at the three regions Θs1, Θs2 and (1 - Θs1

- Θs2). This gives the following equation

= + − − + +
∗C C α FA θ θ α FA θ α FA θ(1 )MS s s s s s s s s s0 1 2 1 1 2 2 (7)

Notice that by our definition in Fig. 5 only the regions Θs1 and Θs2

contain carbon. The ratio Θs1/(Θs1+Θs2) therefore represents the
formation rate RTiC of TiC divided by the total rate of carbon in-
corporation C* in the film. This gives the equation

+

=
∗

θ
θ θ

R
C

s

s s

TiC1

1 2 (8)

A corresponding equation may be obtained for the ratio of the for-
mation rate of of TiC to the total rate M0 of Ti submitted to the film.
Here only regions (1 - Θs1 - Θs2)+Θs1= (1-Θs2) contain Ti. This will

�t1 �t2����t1���t2�

Ti - target

TiC C

Fig. 4. Model picture of Ti-target during reactive sputtering in a hydrocarbon/
argon gas mixture indicating the three surface material regions. F denotes
carbon flux from gas phase and J denotes Ar ion current density.
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Fig. 5. Model picture of material fluxes forming the deposited film at the
substrate for the hydrocarbon/argon gas mixture reactive sputtering process. F
denotes carbon flux from gas phase, M0 denotes sputtered Ti and C0 denotes
sputtered C.
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give the equation

−

=
θ

θ
R
M1

s

s

TiC1

2 0 (9)

By solving the equations presented above, the fractions Θs1 and Θs2

can be expressed as a function of partial pressure P. To be expressed as a
function of supply of the reactive gas Q we have to find a relation be-
tween the partial pressure P of the reactive gas and Q. In the case of CH4

as the reactive gas it is quite straight forward. The expression C* re-
presents the consumption rate of carbon atoms in the process. C* thus
expresses the rate of CH4 molecules/s that will be consumed for film
formation. The supply Q can therefore be written as

= +
∗Q kC PS (10)

where k is a factor converting number of molecules to sccm and S is the
pumping speed of the external pump expressed in a corresponding unit.
We have chosen CH4 as reactive gas in the presentation in order to
avoid extra coefficients to correct for gases having more than one C
atom per molecule. Further, we assume one metal and one reactive gas
atom per formed compound molecule. Coefficients correcting for other
reactive gases and other stoichiometries of the compound molecules
can easily be included. Since the experiments were carried out in C2H2,
the simulations below are corrected to account for two C atoms per
reactive gas molecule.

4. Calculated results

In Fig. 6a-b are shown calculated surface fraction values for the
target and substrate areas for a representative set of parameters listed in
Appendix A. The curves indicate that the formation of TiC at the sub-
strate in Fig. 6a has a pronounced maximum close to the onset of free
carbon formation. Furthermore the TiC maximum occurs at a higher
supply of the reactive gas at the target than at the substrate. The reason
for this is that the carbon formation at the target is continuously sup-
pressed by sputter erosion but no such effect is available to remove
deposited carbon from the substrate surface.

In Fig. 7 is shown the consumption of the carbon as a function of
partial pressure at the three surface regions (1 - Θs1 - Θs2), Θs1 and Θs2,
corresponding to the Ti, TiC and C parts of the substrate, as well as the
throughput of the pump and the sum of these four curves. This “total
curve” represents the Q vs P for the system. If this curve has a negative
slope it means that the process has a hysteresis region. In this case no
negative slope is obtained and consequently no hysteresis will appear.

In contrast to saturated processes the carbon gettering does not
rapidly decrease for an increase of pressure of the reactive gas for un-
saturated processes. Carbon may be formed on TiC and C surfaces and
these substrate areas will thus continue to adsorb carbon as the pressure

of the reactive gas increases. This gettering effect generates an “internal
process pump” primarily represented by the gettering at the C surface in
Fig. 6. The pump speed for this internal pump may be comparable or
even larger than the pumping speed by the external pump. In contrast
to saturated reactive sputtering, gettering is very substantial even at
very high reactive gas supplies for the non-saturated reactive sput-
tering. Reducing the pumping speed of the external pump for a satu-
rated reactive sputtering process normally results in that the process
will obtain a hysteresis behaviour. Reducing the speed of the external
pump for the non-saturated process does not affect the internal pump.
For most cases the internal pumping speed is large enough to cause the
process not to obtain hysteresis behaviour. In Fig. 7 we show the effect
of reducing the external pumping speed a factor of 35. Despite the
substantial reduction in the external pumping speed there will be no
negative slope region of the overall Q vs P curve and consequently no
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hysteresis will appear.
It should be understood that the plasma deposition available in this

process allows for carbon deposition irrespective whether free un-
reacted metal is available for carbide formation or not. Therefore the
gettering will not decrease abruptly as the supply of reactive gas in-
creases. As a consequence the internal pump will easily be large enough
to prevent hysteresis to occur for this process. In the calculations we
have also assumed that the plasma intensity will be large enough so that
the supply of plasma deposited carbon is not limited but be propor-
tional to the partial pressure of the reactive gas.

5. Experimental results

Results from two different experiments are shown in Fig. 8. Ex-
perimental details are given in Appendix B. Results from sputtering of
Ti in an atmosphere of Ar and C2H2 at the target power 2000W (upper
curve) and 4000W (middle curve) are shown. The lower figure shows
the partial pressure of the C2H2 gas vs the supply of this gas. The dashed
lines in the figures are results from the simulations.

From Fig. 8 we conclude that the simulation results give the same
trends as was obtained from the experiments. It is interesting to notice
that the cross point of C and Ti lines in Fig. 8 quite well corresponds to
the onset of increase of the C2H2 partial pressure. This may primarily be

explained from the effect that the dominant effective gettering of
sputtered Ti atoms at the substrate (see Fig. 6b) will become very small
at this gas supply level and be replaced by the less effective gettering at
the Θs1 and Θs2 surface fractions. This decrease in gettering vs the
supply of the reactive gas at higher gas supplies will cause the partial
pressure to increase more since less of the supplied C2H2 molecules will
be included in the film growth.

From Fig. 8 we feel confident that the suggested simple model may
reasonable well predict the general behaviour of non-saturated reactive
sputtering processes. Despite the rather crude assumptions the results
are in quite good agreement with the experimental findings.

6. Conclusions

A quite simple model for non-saturated reactive sputtering processes
has been presented. It should be understood that there are many un-
known parameters in such a process. Therefore it is not expected that
the model may predict the quantitative behaviour. Like the earlier
presented “Berg model” for reactive sputtering of saturated reactive
sputtering processes (e.g. oxides/nitrides), this new model may only
serve to predict trends for the behaviour due to changes in involved
processing parameters. By comparing calculations with experiments
with Ti in an Ar/C2H2 mixture we found that the model indeed did
predict the observed trend with respect to the supply of the reactive gas.
We also found that this process did not exhibit any hysteresis effect. The
result of the calculations point out that the gettering at the substrate
does not disappear when the target gets poisoned. This is a major dif-
ference between saturated and non-saturated reactive sputtering pro-
cesses. Consequently, there is less tendency to obtain hysteresis for this
type of non-saturated processes.
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Appendix A

In the simulations presented in Figs. 2–3 the following numerical
values have been used: pumping speed= 80 l/s; compound sputtering
yield= 0.3; metal sputtering yield= 1.5; sticking coefficient on target
and substrate= 1.0 (also 0.1 in Fig. 2 and lower part in Fig. 3); target
area=150 cm2; substrate area=2500 cm2; reactive gas atoms/gas
molecule= 2; reactive gas atoms/compound molecule= 1; metal
atoms/compound molecule= 1; total current= 0.5 A. The simulations
here were carried out as described in the original Berg-model [1].

In the simulations presented in Figs. 6–8 the following numerical
values have been used: pumping speed=350 l/s (also 10 l/s in lower
part in Fig. 7); sputtering yield of Ti in Ti= 0.56; sputtering yield of Ti
in TiC=0.21; sputtering yield of C in TiC=0.26; sputtering yield of C
in C=0.24; sticking coefficient on Ti at target= 0.7; sticking coeffi-
cient on TiC at target= 0.04; sticking coefficient on C at target= 0.04;
sticking coefficient on Ti at substrate= 0.7; sticking coefficient on TiC
at target= 0.01; sticking coefficient on C at target= 0.01; target
area=200 cm2; substrate area=4000 cm2; reactive gas atoms/gas
molecule= 2; reactive gas atoms/compound molecule= 1; metal
atoms/compound molecule= 1; total current= 5.5 A (also 11 A in
bottom part in Fig. 8).
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Appendix B

Experimental details: The TieC films were reactively sputtered on Si
(100) substrates in an industrial coating system (CemeCon AG,
Würselen, Germany). A rectangular 440 cm2 titanium target was sput-
tered in direct current mode and applying powers of 2000 and 4000W
in Ar/C2H2 mixtures. C2H2 was used to minimize the effect of released
hydrogen during plasma decomposition of the reactive gas molecule.
The Ar partial pressure was fixed to 0.42 Pa. The reactive gas partial
pressure was calculated by subtracting the fixed Ar pressure (0.42 Pa)
from the total pressure during processing. Prior to thin film growth,
hysteresis curves where recorded to monitor the degree of target poi-
soning at the used sputtering powers deposition, ranging from metallic
target to a completely poisoned target. From the resulting curves, the
flows of acetylene were set to: 15, 35, 50, and 80 sccm at 2000W, and
25, 55, 80, and 100 sccm at 4000W. For all conducted depositions, the
substrates were electrically floating. No external substrate heating was
applied. All films were deposited for 30–40min.

Quantitative analysis of the films was performed by X-ray photo-
electron spectroscopy (XPS), using an AXIS Ultra DLD from Kratos
Analytical with monochromatic Al Kα radiation (hν=1486.6 eV). To
remove adsorbed contaminants following air exposure, the samples
were sputter cleaned for 180 s with 4 keV Ar ions incident at an angle of
70° with respect to the surface normal. Casa XPS software (version
2.3.16) was used for quantification, with elemental sensitivity factors
supplied by Kratos Analytical Ltd. The confidence level of XPS is typi-
cally around±5%.

References

[1] S. Berg, H.-O. Blom, T. Larsson, C. Nender, Modeling of reactive sputtering of

compound materials, J. Vac. Sci. Technol. A 5 (1987) 202–207.
[2] S. Berg, T. Larsson, C. Nender, H.-O. Blom, Predicting thin-film stoichiometry in

reactive sputtering, J. Appl. Phys. 63 (1988) 887–891.
[3] T. Larsson, H.-O. Blom, C. Nender, S. Berg, A physical model for eliminating in-

stabilities in reactive sputtering, J. Vac. Sci. Technol. A 6 (1988) 1832–1836.
[4] L. Bardos, S. Berg, H.-O. Blom, Superhigh-rate plasma jet etching of silicon, Appl.

Phys. Lett. 55 (1989) 1615.
[5] M. Moradi, C. Nender, H.-O. Blom, S. Berg, Dynamic modeling of the process

control of reactive sputtering, Vacuum 41 (1990) 1974–1976.
[6] M. Moradi, C. Nender, S. Berg, H.-O. Blom, A. Belkind, Z. Orban, Modeling of

multicomponent reactive sputtering, J. Vac. Sci. Technol. A, Vac. Surf. Films 9
(1991) 619–624.

[7] P. Carlsson, C. Nender, H. Barankova, S. Berg, Reactive sputtering using two re-
active gases, experiments and computer modeling, J. Vac. Sci. Technol. A, Vac. Surf.
Films 11 (1993) 1534–1539.

[8] S. Berg, T. Nyberg, Fundamental understanding and modeling of reactive sputtering
processes, Thin Solid Films 476 (2005) 215–230.

[9] S. Berg, E. Sarhammar, T. Nyberg, Upgrading the "Berg-model" for reactive sput-
tering processes, Thin Solid Films 565 (2014) 186–192.

[10] E. Sarhammar, T. Nyberg, S. Berg, Applying "the upgraded Berg model" to predict
hysteresis free reactive sputtering, Surf. Coat. Technol. 279 (2015) 39–43.

[11] J.N. Avaritsiotis, C.D. Tsiogas, A reactive sputtering process model for symmetrical
planar diode systems, Thin Solid Films 209 (1992) 17–25.

[12] D. Depla, S. Heirwegh, S. Mahieu, R. De Gryse, Towards a more complete model for
reactive magnetron sputtering, J. of Phys. D-Appl. Phys. 40 (2007) 1957–1965.

[13] K. Strijckmans, W.P. Leroy, R. De Gryse, D. Depla, Modeling reactive magnetron
sputtering: fixing the parameter set, Surf. Coat. Technol. 206 (2012) 3666–3675.

[14] M. Samuelsson, K. Sarakinos, H. Hogberg, E. Lewin, U. Jansson, B. Walivaara,
H. Ljungcrantz, U. Helmersson, Growth of Ti-C nanocomposite films by reactive
high power impulse magnetron sputtering under industrial conditions, Surf. Coat.
Technol. 206 (2012) 2396–2402.

[15] P. Soucek, J. Daniel, J. Hnilica, K. Bernatova, L. Zabransky, V. Bursikova,
M. Stupayska, P. Vasina, Superhard nanocomposite nc-TiC/a-C:H coatings: the ef-
fect of HiPIMS on coating microstructure and mechanical properties, Surf. Coat.
Technol. 311 (2017) 257–267.

T. Nyberg, et al. Thin Solid Films 688 (2019) 137413

6

http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0005
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0005
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0010
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0010
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0015
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0015
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0020
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0020
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0025
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0025
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0030
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0030
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0030
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0035
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0035
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0035
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0040
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0040
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0045
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0045
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0050
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0050
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0055
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0055
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0060
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0060
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0065
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0065
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0070
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0070
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0070
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0070
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0075
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0075
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0075
http://refhub.elsevier.com/S0040-6090(19)30432-8/rf0075

	A simple model for non-saturated reactive sputtering processes
	Introduction
	Saturated reactive sputtering processes
	New model - unsaturated reactive sputtering processes
	Target conditions
	Substrate conditions

	Calculated results
	Experimental results
	Conclusions
	Acknowledgements
	Appendix A
	Appendix B
	References




