
Applying "the upgraded Berg model" to predict hysteresis free
reactive sputtering☆

E. Särhammar, T. Nyberg ⁎, S. Berg
The Ångström Laboratory, Solid State Electronics, P.O. Box 534, SE-751 21 Uppsala, Sweden

a b s t r a c ta r t i c l e i n f o

Article history:
Received 1 June 2015
Revised 24 July 2015
Accepted in revised form 26 July 2015
Available online 16 February 2016

Keywords:
Reactive sputtering
Hysteresis
Modeling
Thin film

Reactive sputtering is a popular process to deposit oxides, nitrides, and several other compounds. Unfortunately,
this process mostly exhibits a hysteresis effect. The hysteresis causes a delicate choice of either a high deposition
rate but not a fully oxidized/nitrided film or a fully formed compound film but at a significantly lower deposition
rate. For high reactivity target material/reactive gas systems, the hysteresis forces the process to flip quite abrupt
between these two conditions. Process control may therefore be quite critical.
In this work we will use the original “Berg model” as well as the newly published “upgraded Berg model” to
illustrate how hysteresis is generated. We have selected one simple graph (reactive gas flow vs. partial pressure)
that gives clear indications of how the processmay be affected in such a way as to decrease or even eliminate the
hysteresis. Specific values of target size and composition, gas mixture as well as total pressure and pumping
speed are processing parameters that may be selected in a way to eliminate hysteresis. We will show that this
behavior is predicted by the simulations and also refer to experimental evidence for such behavior.

© 2016 Published by Elsevier B.V.

1. Introduction

Reactive magnetron sputtering is one of the most widely used
techniques for deposition of thin films. Compound thin films are
synthesized by sputtering from a target made of metal, alloy or
compound in the presence of a reactive gas. In this process, it is
possible to tune the film composition from pure metal to stoichio-
metric compound by changing the supply of a reactive gas (e.g. ox-
ygen) when sputtering from a metallic target. By using different
combination of target material and reactive gas, it is therefore
possible to deposit a wide variety of compounds (oxides, nitrides,
carbides, sulfides, etc.) with a wide range of properties. This
versatility makes reactive sputtering one of the most widely used
industrial thin film deposition processes. A drawback with the
reactive sputtering process is that the relationship between the re-
active gas supply and film composition is normally very non-linear
and highly complex and often exhibiting a hysteresis effect. The
process offers either a high deposition rate of a slightly sub-
stoichiometric film or a fully stoichiometric film deposited at a
significantly lower deposition rate. Therefore, the ability to operate
the process smoothly between these conditions requires elimina-
tion of the hysteresis.

In this work we will use the original as well as the newly “upgraded
Berg model” to illustrate some conditions that allow for reduction or
even elimination of the hysteresis effect [1–3]. Processing parameters
that strongly affect the hysteresis include the size and composition of
the target [4–6], gas mixture [7], total processing pressure [8], as well
as pumping speed [9,10]. Proper choice of these parameters may
cause the hysteresis to disappear.

2. The basic model

The original “Berg model” is a quite simple description of the re-
active sputtering process. It is based on three analytical equations
describing the gas flow balance in the sputtering chamber and mate-
rial balances at the target and substrate at steady-state conditions [3].
With the original model it is possible to predict results when chem-
isorption at the target surface is the only compound formationmech-
anism. Depla and co-workers, however, showed that reactive gas
implantation may also play a decisive role for the process behavior
[11,12]. By introducing this effect, it is possible to extend the original
Berg model to also include some additional processing features not
possible to be described by the original model. This modified model
will be referred to as the upgraded Berg model [2] and is only used
in Section 9 which treats the influence from the total processing
pressure on the hysteresis effect. Both models are kept as simple as
possible and may be used to illustrate general trends and influences
from different parameters. Therefore, small deviations between the
simulated values and absolute experimental values may occur. For
instance, the partial pressure in metal mode is normally somewhat
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lower in the simulations as compared to experiments. The discus-
sions in the following paragraphs are based on the results from refer-
ences [2] and [3].

3. Generating processing graphs

A typical processing curve illustrating the partial pressure of the
reactive gas, Pr, vs. the supply of the reactive gas, Q, is shown in
Fig. 1a. The solid line is the calculated processing curve. The arrows
from A to B and C to D indicate the actual processing pathways if the
supply Q of the reactive gas is the “control” parameter (=x-axis). The
distance between the arrows defines the hysteresis width. Notice that
in the hysteresis region there exist three different values (P1, P2, and
P3) for one value of Q. The curve segment between A and C cannot be
reached when the process exhibit hysteresis and is controlled by the
reactive gas supply.

The corresponding curve Q vs. Pr (Fig. 1b), however, has no curve
segment with multiple values of Q for one value of Pr. The processing
points P1, P2, and P3 are single valued defined for three different values
of Pr. This explainswhy it is possible to obtain a stable process if the par-
tial pressure Pr is chosen as the control parameter instead of the supply,
Q, of reactive gas.

The curve representing the total consumption of reactive gas in
Fig. 1b is the sum of the throughput of reactive gas to the external
pump and the gettering of reactive gas when reacting with metal
atoms at the substrate and chamber walls. These individual curves are
shown as gray lines in Fig. 1b.We assume that at steady state conditions
all reactive gas forming compound at the target surface will be sputter
eroded and again form reactive gas molecules. Therefore there will be
no net gettering of the reactive gas at the target surface. What comes
in must come out.

The gray straight line represents the throughput of the reactive gas
to the external pump and the slope of this line is proportional to the
pumping speed. The other gray curve represents the gettering of
reactive gas at the substrate surface. This curve has a segment of
negative slope. If the maximum value of this negative slope is larger
than the value of the positive slope of the straight line the process

will exhibit hysteresis. By analyzing this condition for a specific
reactive sputtering process it is thus possible to predict if there will
be hysteresis or not.

In the following we will use the curves in Fig. 1b as comparison
when altering some key parameter.

4. Fundamental target properties

Some processing parameters may be selected by the operator while
some others, however, are selected by nature. Examples of the latter are
different materials and gas specific properties such as sputtering yields
and reactivity.

4.1. Reactivity of the process

In the simulations, a high reactivity process is represented by a
high sticking coefficient of the reactive gas onto the sputtered
metal. Such a high reactivity process is shown in Fig. 1 where the
sticking coefficient was set to 1.0. A comparison with this situation
and identical processes but with a lower value of the sticking coeffi-
cients is shown in Fig. 2a\\b. As can be seen in Fig. 2b the negative
slope decreases as the value of the sticking coefficient decreases.
This may be explained by the fact that for any given reactive gas
flux, corresponding to a certain reactive gas pressure, a smaller
amount of reactive gas is reacting, i.e. is consumed, at the substrate
and chamber walls when the sticking coefficient is reduced. In
order to consume the same amount of reactive gas, a higher reactive
gas pressure is required for low reactivity systems. This will stretch
the curve to the right, i.e. to higher reactive gas pressures and subse-
quently the slope will be smaller. This leads to a smaller and smaller
hysteresis width as the sticking coefficient is reduced and finally a
complete absence of hysteresis [13]. The difference in reactivity
between oxygen and nitrogen often results in less pronounced
hysteresis for nitrides as compared to oxides. This is primarily due
to the higher reactivity for oxides.

Fig. 2. Reactive gas pressure vs. reactive gas flow (a) and reactive gas flow vs. reactive gas pressure (b) for different sticking coefficients (0.1, 0.15, 0.3, 1.0).

Fig. 1.Reactive gas pressure vs. reactive gas flow (a). The reactive gas flowand its sub-components, i.e. gettering at the chamber surfaces and substrate aswell as consumption at the pump
vs. the pressure of reactive gas (b).
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