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Making Magnetron Sputtering Work: Modelling Reactive Sputtering Dynamics, Part 1
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It is highly advantageous to understand the properties of a 
representative large-scale reactive sputtering process operating in 
the transition mode between the metallic state (with only a small 

fraction covered with compound) and the poisoned state (approaching 
unity coverage with compound) of the target. In particular, the 
dynamics of the process when the power supply is shut down in 
response to an unwanted arc affect long-term process success.

A static model can be used to find the equilibrium characteristics of 
the process. Then, simulations with a dynamical model provide a way 
to study the arc response characteristics of the process. When reactive 
sputtering processes are operated in the naturally unstable transition 
region, where the slope of the reactive gas pressure-versus-flow curve 
reverses, they must be stabilized with output feedback control to 
permit successful simulation. Published data can be used to construct 
a model of a representative large-area reactive sputtering process, as 
used in industrial glass coaters. Simulations can provide insight into the 
relationship between arc response shutdown time and process stability. 
This article addresses the development of the detailed equations for the 
static and dynamical models.

Introduction
The stability of the reactive sputtering process is of paramount 
importance. “Stability” can have broad meaning. There is, on one hand, 
the intrinsic stability, which often implies freedom from oscillation, 
or perhaps the ability to stay within a bound-able neighborhood of a 
desired operating point. While this notion of stability is quite applicable 
and important to reactive sputtering processes, another notion of 
stability must be also considered. 

Reactive sputtering processes are by their nature prone to arcing. 
The dielectric material that forms on the target surface in some 
processes is believed to accumulate electrical charge to the point where 
it breaks down and initiates an arc from the plasma to the target, 
where the glow discharge over much of the target surface collapses 
to a small-diameter arc [1]. Periodic reversal of the voltage applied to 
the process to discharge the dielectric on the target surface has been 
shown to reduce the occurrence of arcing. When an arc does occur, it 
must be handled by the system power supply. This typically entails an 
interruption in the power delivered to the process for some period of 
time. If power to the process is interrupted for long enough, it can move 
significantly away from its desired operating point and take some time 
to return once the power is re-applied. When power is re-applied, the 
reactive gas pressure, target surface coverage, chamber surface coverage, 
electrical impedance and deposition rate will have changed.

It is clearly important to understand these issues, which were 
initially investigated empirically. At the ICCG conference in Maastricht 
in 2000, Uwe Krause presented the results of some interesting 
experiments on a large-area reactive sputtering process operating in 
the transition mode. The experimenters tried various shutdown times 
for the power supply arc handling response. What they showed was 
that longer shutdown times could result in disruptions to the process 
that were much longer than just the power supply shutdown time; 
the evidence was the perturbation in the partial pressure of oxygen, 
measured with a lambda sensor [2]. 

It seemed like a natural step to systematically develop an 

understanding of these phenomena based on reliable mathematical 
models that captured the essential physics of the process. Shortly 
afterward, I began to investigate whether the Berg model could provide 
insight and understanding in more detail. Rand Dannenberg presented 
modeling of a large-area reactive sputtering process at the 42nd SVC 
TechCon in Chicago, in 1999 [3]. He explained that the Berg model [4] 
was used to model the static characteristics of the process with good 
correlation.

The original Berg model calculates the working point and target 
material removal rate as a function of oxygen flow. It is elegantly simple, 
an analytical model solved with equations in closed form. Being a static 
model, it could calculate the starting point. But, a dynamical model is 
necessary to understand what happens when the power supply is shut 
off and reactivated. I discovered that Bartzsch and Frach [5], and also 
Malkomes and Vergöhl [6], had extended the Berg model to include 
dynamics as part of their work. I used their work as a guide to build 
a dynamical model. Then, I could model what happened when the 
power supply was shut off, start to understand what happens internally 
to the process, and explore the correlation to the earlier empirical 
results [2]. I needed a realistic process to model, so I went back to 
Rand’s paper (P. Greene was the other author), and modeled their 
titanium oxide process. The original Berg model calculated a realistic 
steady state working point. Then, the power supply arc response was 
modeled dynamically, with interruptions of various durations [7]. The 
quantitative results were consistent with the previous empirical data and 
conclusions [2]. The balance of this article covers the development of 
the detailed equations for the static and dynamical versions of the Berg 
model.

Static Model
As shown, a static model of the reactive sputtering process captures 

the essential physics of the process at equilibrium. The Berg model 
[8], although not the first to appear in the literature [9], is very 
straightforward, and perhaps the most transparent. This model is based 
on equilibrium conditions (no dynamics) and simply tracks the reactive 
gas and the sputtered material to predict deposition rate and partial 
pressure of the reactive gas. The algorithm has been arranged so that 
it requires only one pass. That is to say, there is no recursion involved 
in the calculation of a particular point on the pressure-versus-flow and 
rate-versus-flow curves. 

The flow of reactive gas is tracked from the gas inlet to three 
“consumers” in the process, as shown in Figure 1. Input flow is Qin,
flow to the target is Qt, flow to the chamber surfaces is Qs, and flow 
to the system pump is Qp. The obvious destination for the gas is the 
system vacuum pump, but it is also getter-pumped at the target surface 
and at the chamber surfaces (including the work piece). The flux of the 
reactive gas to the target and chamber surfaces is F. A simple continuity 
relationship for gas flow is the result, whereby the input flow is equated 
to the sum of the flows to the target, chamber, and system pump. Total 
flow and flows to the pump, target, and chamber surfaces are assumed 
to be constant.
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Figure 1. Reactive sputtering process model diagram.

The next part of the model tracks the fluxes of sputtered material 
to the chamber surfaces. Material sputtered from the target includes 
the compound formed at the surface by getter pumping of the reactive 
gas as well as the intrinsic target material. It is assumed that the flux of 
material sputtered from the target surface is uniformly directed to the 
chamber surface, along with the flux of reactive gas. These fluxes are 
shown schematically in Figure 1, along with the ion flux directed to the 
target. The flux of metal from the target is FM, the flux of compound 
from the target is FC, and the sputtering ion current density to the target 
is J.

Perhaps the key concept here is that both the target and the chamber 
surfaces have covered and uncovered fractions. In this context, the 
covered fraction is covered with the reactively formed compound. 
This is important for two reasons. The first is that getter pumping 
occurs only at the uncovered surfaces, so covering a large fraction of 
the surface can significantly change the amount of getter pumping that 
occurs. The second is that the reactively formed compound sputters 
with a significantly different, and usually lower, yield than the target 
material in many, if not most, cases.

At this point, model equations can be discussed. In order to make 
the model flexible, coefficients are provided to allow specification of the 
number of gas atoms in the reactive gas molecule and the compound 
molecule, and specification of the number of metal atoms in the 
compound molecule [10].

First, the target coverage fraction is obtained by balancing the 
formation of compound at the target surface with removal of compound 
from the target surface by sputtering. Actually, what are equated are the 
number of reactive gas atoms captured at the surface, and the number 
of reactive gas atoms in the compound being removed from the surface 
by sputtering. The rate of reactive gas atom capture, Rgct  (atoms/sec), at 
the uncovered fraction of the target surface is 

where ĸ is the number of atoms in the reactive gas molecule, F
(molecules/(m2sec)) is the flux of reactive gas molecules to the target 
and chamber surfaces, θt is the fraction of the target covered with 
compound, At (m2) is the target area, and αt is the sticking coefficient 
of the reactive gas molecules at the bare target material surface. The 
rate of reactive gas atom removal, Rgrt (atoms/sec), from the target by 
sputtering of the compound from the fraction of the target covered with 
compound is

where nm is the number of reactive gas atoms in the compound 
molecule, J (amps/m2) is the sputtering ion current density at the target 
surface, qe ( ≈1.6 x 10-19C) is the elemental charge, and SC (molecules/
ion) is the sputtering yield of the compound. Equating the two rates 

from equations 1 and 2 yields

and solving equation 3 for the target coverage fraction θt results in

The chamber surfaces coverage fraction θs is obtained by balancing the 
rate of compound formation and deposition on bare metal chamber 
surfaces with the rate at which compound is covered by metal sputtered 
from the target. What is actually being equated is the rate of reactive gas 
atoms, from both the reactive gas flux and compound flux, captured at 
the bare metal chamber surfaces and the rate of formation of sticking 
sites for reactive gas atoms by deposition of target material on the 
chamber surfaces covered with compound. The rate of reactive gas 
atom capture, Rgcs (atoms/sec), at the uncovered fraction of the chamber 
surfaces is

where θs is the fraction of the chamber surfaces covered with 
compound, As (m2) is the chamber surfaces area, and αs is the sticking 
coefficient of the reactive gas molecules at the bare metal, or uncovered 
(by compound) fraction of the chamber surfaces. The rate of reactive 
gas atoms included in compound molecules deposited on the bare 
metal fraction of the chamber surfaces, Rgds (atoms/sec), incorporating 
equation 2, is

The rate of reactive gas atom sticking site creation, Rgss (atoms/sec), at 
the covered fraction of the chamber surfaces is 

where β is the number of metal atoms in the compound, and SM

(atoms/ion) is the sputtering yield of the target material. Equating the 
rates of reactive gas capture at the chamber surfaces with the rate of 
reactive gas sticking site creation results in

Substituting equations 5, 6, and 7 into equation 8 and solving for θS

yields

The flux of the reactive gas molecules to the target and chamber 
surfaces, assuming a Maxwellian velocity distribution, is

where P (Pa) is the pressure of the reactive gas, kb (≈1.38 x 10-23 J/K) is 
the Boltzman constant, T (K) is the temperature of the reactive gas, and 
M (kg) is the mass of the reactive gas molecules.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

continues on page 26

(10)
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Next, the balance of reactive gas is considered. First, the input flow, 
Qin (molecules/sec) equated to the consumption by the pumps in the 
system is

where Qt (molecules/sec) is the getter pumping of reactive gas at the 
target, Qs (molecules/sec) is the getter pumping of the reactive gas at the 
chamber surfaces, and Qp (molecules/sec) is the pumping by the system 
pump. Getter pumping at the target, Qt, is

Getter pumping at the chamber surfaces, Qs, is 

Pumping by the system pump, Qp, is

where Sp (liters/sec) is the system pumping speed. 
At this point, there is sufficient definition to relate reactive gas 

flow to reactive gas pressure. This may be accomplished by choosing a 
reactive gas pressure, and then evaluating equations 10, 4, 9, 12, 13, 14, 
and 11, in that order, to find the reactive gas flow into the chamber.

Finally, sputtering rate is considered. The total flux of metal atoms to 
the chamber surfaces, FR (atoms/(m2sec)), is taken as the rate. It is 

Sputtering rate may be computed by choosing a reactive gas pressure, 
then evaluating equations 10, 4, and 15 in that order. Now the 
equilibrium, or static, relationships between reactive gas pressure, 
reactive gas flow, and sputtering rate are established.

Dynamic Model
A dynamical model was used to examine the behavior of the process 
during an arc response. In particular, behavior of key internal 
parameters over a short time scale is of interest. The model is the 
dynamical version of the Berg model, configured such that the internal 
states are partial pressure, target coverage fraction, and chamber surface 
coverage fraction [6, 11, 12].

The dynamical model works by tracking reactive gas atoms at the 
target surface and chamber surfaces, and in the chamber volume. The 
number of reactive gas molecules at the target surface, Nt, is

where σ (molecules/m2) is the surface density of the compound 
molecules. Now the equation relating the time derivative of the number 
of reactive gas atoms at the target surface to the time derivative of the 
target coverage fraction is

The time derivative of the number of reactive gas atoms at the target 
surface, drawing on equations 1 and 2, is

It is possible to relate the time derivative of the target coverage fraction 
to other system variables. The relationship, which includes compound 
formation at the target surface by a reaction with the gas flux to the 
surface and removal of compound from the surface by sputtering, can 
be derived from equations 1, 2, 17, and 18. It is

The flux of the reactive gas molecules to the surface, assuming a 
Maxwellian velocity distribution, is defined in equation 10. Now, by 
solving equation 19, the time derivative of the target coverage fraction is

Similarly, the model also tracks the number of reactive gas atoms at the 
chamber surfaces. The equation for the number of reactive gas atoms at 
the chamber surfaces, Ns is

The equation obtained by taking the time derivative of both sides is

The time derivative of the number of reactive gas atoms at the chamber 
surfaces, drawing on equations 5, 6, and 7, is

Then the equation relating the time derivative of the coverage fraction 
to other system variables can be found by substituting equations 5, 6, 
and 7 into equation 23. It is

Combining equations 22 and 24 yields

where Fc (molecules/(m2sec)) is the flux of compound molecules to the 
chamber surfaces and FM  (atoms/(m2sec)) is the flux of metal atoms to 
the chamber surfaces. Solving equation 25 for the time derivative of the 
chamber surfaces coverage fraction results in

The flux of compound molecules to the chamber surfaces from the 
target is

The flux of metal atoms to the chamber surfaces is

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

Making Magnetron Sputtering Work: Modelling 
Reactive Sputtering Dynamics, Part 1
continued from page 25
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The next step is to consider the chamber volume equation, which relates 
chamber pressure to flow into the chamber and pumping by gettering 
and the system pump. Getter pumping is defined by equations 12 and13 
and pumping by the system pump is defined by equation 14. Now, 
pressure can be related to the number of reactive gas molecules in the 
chamber by the universal gas law. The equation is

where n  (molecules/m3) is the density of the reactive gas molecules, Nc

is the number of reactive gas molecules in the chamber volume, and Vc

(m3) is the chamber volume. Solving for Nc yields

Now the time derivative of Nc is the flow into the chamber volume less 
the flows to the three pumps. The equation is

Solving equation 31 for the time derivative of reactive gas pressure 
yields

For purposes of this model, the deposition rate is taken as the total 
flux of metal atoms to the chamber surface, including both atoms from 
sputtered target material and those atoms included in the compound 
sputtered from the target surface. The rate, 
FR (atoms/(m2sec)), is

The model lends itself to a state space representation since the dynamics 
are described by three coupled differential equations. The state vector x 
is

The input vector is

The differential equations describing the coupled dynamics of the three 
states have already been given in Equations 32, 20, and 26 and the state 
vector has been defined by equation 34. The system represented as a 
function of x and u is

as shown in Figure 2.

Figure 2. Block diagram of the dynamical reactive sputtering process model.

Conclusion
The detailed equations for the static and dynamical versions of the 
Berg model described here are a foundation for insight into the 
relationship between arc response shutdown time and process stability. 
The dynamical model has been placed in a state space representation, 
suitable for further analysis and simulation. The static model enables 
calculation of static characteristics and the values of the states at 
the desired working point. Temporal simulations and insights into 
characteristics of a large–area industrial process are the next step, which 
will be covered in Part 2 of this article.

References
1. A. Belkind, A. Freilich, Soc. Vac. Coaters 41st Ann. Tech. Conf. Proc., 321 (1998).

2. U. Krause, M. Schulze, H. Fuchs, Proc. of the 3rd – ICCG, 173, (2000).

3. P. Greene, R. Dannenberg, Soc. Vac. Coaters 42nd Ann. Tech. Conf. Proc., 23 (1999).

4. S. Berg et al., J. Vac. Sci. Technol. A 5, 202 (1987).

5. H. Bartzsch, P. Frach, Surf. and Coatings Technol. 142-144, 192 (2001).

6. N. Malkomes, N. Vergöhl, J. of Appl. Phys. 89, 732 (2001).

7. D.J. Christie, E.A. Seymour, Soc. Vac. Coaters 46th Ann. Tech. Conf. Proc., 257 (2003).

8. S. Berg et al., J. Vac. Sci. Technol. A 5, 202 (1987).

9. K. Steenbeck, E. Steinbeiβ, K.-D. Ufert, Thin Solid Films 92, 371 (1982).

10. M. Moradi et al., J. Vac. Sci. Technol. A 9, 619, (1991).

11. T. Larsson, Vacuum 39, 949, (1989).

12. H. Bartzsch, P. Frach, Surf. and Coatings Technol. 142-144, 192 (2001).

About the Author
David Christie 
David Christie received his PhD from Colorado State 
University, is currently Director, Applications Technology 
with Advanced Energy, and is serving his second term on the 
SVC Board of Directors. His first SVC paper was in 1996, 
on pulsed dual magnetron sputtering. He has more than 40 
thin film related publications, and 6 related patents.

For further information, contact David Christie, at dave.christie@aei.com.

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

Previous Page | Contents  | Zoom in | Zoom out | Front Cover | Search Issue | Next Page q
q
M

M
q

q
M

M
qM

Qmags
®THE WORLD’S NEWSSTAND

___________

__________

___________

mailto:dave.christie@aei.com
http://www.qmags.com/clickthrough.asp?url=www.scm-inc.com&id=19097&adid=P27A1
mailto:sales@scm-inc.com

