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Making Magnetron Sputtering Work: Delivering and Controlling Power

David Christie Advanced Energy Industries, Inc., Fort Collins, Colorado Contributed Original Article

Introduction
Much has been written about sputter deposition with magnetrons 
[1 – 4]. All magnetron sputtering has one thing in common: the need 
to deliver and control power to the magnetron. As sputtering with 
magnetrons has evolved, needs for power have evolved with it, and 
in some cases evolutions in power have enabled further advances in 
magnetron sputtering. Power has evolved from direct current (DC) to 
pulsed DC, and also low frequency (LF) alternating current (AC) and 
bipolar pulsed DC. Magnetron configurations have evolved as well, with 
dual magnetron sputtering now used consistently. 

At the first look, power for magnetron sputtering seems straightforward. 
Many single magnetron applications use straight DC power, with no 
pulsing or modulation. It may seem that a “simple” DC power supply is 
all that is required. In actual practice, things are very different. The details 
of the power supply design make a big difference in its ability to deliver 
power, detect arcs, and deal with arcing and other irregularities in the 
process. First, it is necessary for the power supply to ignite the plasma 
discharge. This is typically done at a higher voltage and lower current 
than the eventual process operating point. Once the plasma ignites, the 
control system of the power supply must detect ignition, and move to the 
desired operating point, or set point, determined by the user. Once at the 
operating point, the next challenge is dealing with arcing. The power supply 
needs to detect and manage arcs. The topology of the power supply has a 
considerable impact on its ability to detect arcs, and to minimize or control 
the energy delivered to arcs. Power supplies with a voltage source topology 
tend to generate large current spikes when an arc occurs. By contrast, 
those acting as a current source generate minimal current spikes, with arcs 
characterized by a collapse in voltage. The collapse in voltage makes arcs 
straightforward to detect by simply monitoring process voltage. When an 
arc does occur, the power supply must act to rapidly reduce the output 
current to quench the arc, and then quickly restore power to the process. 
The power supply must be designed with enough overhead to deliver rated 
power to processes while handling arcs at typical arc rates. An additional 
challenge is dealing with interruptions in the plasma discharge caused by 
reduced or halted gas flow. When the plasma discharge goes out, the power 
supply must control the output voltage to protect itself and the process 
equipment from overvoltage.

An innovation beyond DC power is pulsed DC power, with the 
possibility to periodically reverse the output voltage. Since its introduction, 
pulsed DC has become an important technique in the arsenal of the 
sputtering process engineer. It offers several sputtering advantages. A 
primary advantage is dramatically reduced arcing (arc prevention), 
especially for reactive sputtering processes, by discharging insulative 
surfaces, as shown in Figure 1. Further advantages include low arc energy, 
reduced particle generation and reduced sensitivity to imperfections in 
magnetron targets and process gases. In normal operation, the sputtering 
power is delivered in a periodic pulse train in which a positive (reverse) 
voltage on the order of 5% to 20% of the magnitude of the sputtering 
voltage is applied after every sputtering pulse. This positive voltage tends to 
discharge voltage buildup on any oxide that is on the target surface, actually 
preventing the occurrence of process arcs, which is important for reactive 
sputtering of some materials. When an arc on the target is detected, the 
output voltage is immediately reversed to quench the arc, after which the 
pulsing sequence resumes.

Figure 1. Charge buildup forms around insulative regions that lead to arcing and production of macro-
particles that are included in the deposited film.

The introduction of asymmetric bipolar pulsed DC in the early 
1990s was immediately disruptive to the paradigm for reactive 
sputtering. Suddenly, it was possible to do reactive sputtering of difficult 
compounds, such as Al2O3, with a single magnetron and a DC power 
supply, along with a pulsed DC accessory [5-8].

The concept of voltage reversal for prevention of arcing on a 
sputtering magnetron was disclosed by Cormia in a patent issued in 
1977 [9]. Cormia specifically described the concept of full voltage 
reversal using a sinusoidal waveform. An enabling refinement to 
this concept was disclosed by Drummond in a patent issued in 1995, 
describing the invention of voltage reversal with pulsed DC, with 
timeframes and reversal magnitudes that enable practical industrial 
reactive sputtering processes, with a waveform as shown in Figure 2 [5]. 
It has been used in products developed and manufactured by Advanced 
Energy® for two decades to inhibit arc formation and to swiftly quench 
arcs when they do occur. To suppress arc formation, voltage is reversed 
on a periodic basis, dissipating energy buildup in insulative materials 
deposited on the target surface during reactive sputtering. Voltage 
reversal offered the means to actively suppress the buildup of charge 
before an arc occurs, in many cases preventing the events altogether. To 
quench arcs, voltage reversal temporarily removes energy in response 
to process conditions that indicate an arc event. It reduces arc events 
occurring even on metal targets by an order of magnitude or more. By 
proactively inhibiting arc formation, quenching arcs that do occur, and 
minimizing arc energy by dissipating charges stored in output cabling, 
this technique enables deposition of even the most inherently arc-prone 
materials, such as AZO, Al2O3, and ZnO. An additional significant 
benefit of this technique is that it dissipates energy stored in the plasma, 
the magnetron, and the power supply’s output cabling. This lowers 
arc energy typically to below 1 mJ/kW, which significantly decreases 
particulate generation and film damage.

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



Summer 2014 SVC Bulletin  | 45

Figure 2. Pulsed DC waveform designed for quasi current source operation.

More recently, ion energy has been correlated to pulse parameters. 
This correlation has been used to tune processes to influence for 
example crystal orientation, and tribological performance for very thin 
MoS2 films [10].

Dual magnetron sputtering (DMS) requires a different power 
solution. A mainstream solution is to use low frequency (LF) power, 
in the range of 10 to 100 kHz. Again, this can seem straightforward. 
However, success is in the details. Supplies whose topology 
approximates a voltage source may struggle with plasma stability as the 
impedance of the plasma fluctuates. They also tend to generate large 
current spikes when an arc occurs, making it difficult to minimize and 
control arc energy. On the other hand, power supplies designed as a 
current source optimize the stability of the plasma, since they deliver 
the current regardless of fluctuations in the plasma. A current source 
tends to keep the current constant when an arc occurs, minimizing 
current spikes and arc energy. Driving plasma with a current source 
will hold the voltage within a predictable, narrow range. In other words, 
plasma conditions are more precisely controlled by putting a steady 
current into the process chamber rather than by putting a steady voltage 
across it.

AC Power Supplies for Driving Plasma
AC power supplies for high-power, DMS applications are typically 

of the resonant type. These designs are better able to adjust to plasma 
variations and can deliver full power over a wide range of plasma 
loads. There are two basic types of resonant circuit approaches widely 
used for driving plasma: the Inductor-Capacitor-Capacitor (LCC) 
resonant circuit and the parallel resonant circuit [11]. Each contains 
a different circuit topology, or arrangement of circuit elements within 
the power supply, and each will interact with plasma differently. One 
approach for power supplies is to use a LCC resonant circuit with the 
inductor and capacitor arranged in series. With this approach, the 
power supply orients its current output to match a sine waveform as 
closely as possible. Thus, to the non-linear plasma environment, the 
power supply appears as a current source. Another approach is to use 
a parallel resonant circuit with the inductor and capacitor arranged in 
parallel, an arrangement used for induction heating applications. These 
parallel resonant power supplies act as a voltage source when driving a 
magnetron plasma.

A LCC resonant circuit tends to be more stable in powering plasma 
than a parallel resonant circuit. As power is increased, voltage will 
exhibit less change than current—in other words, the incremental 
impedance drops as the current is increased. If a plasma is driven by 
a voltage source, the current will fluctuate widely even though voltage 
does not. On the other hand, driving plasma with a current source will 
hold the voltage within a predictable, narrow range. Even in the simplest 
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case of sputtering in a non-reactive gas environment, the plasma will be 
more stably driven by a current source than by a voltage source. When 
a reactive gas is added to a plasma environment, there is an even greater 
difference in how the two circuit topologies will effectively drive the 
plasma. In the case of reactive sputtering silicon in a partial pressure 
of oxygen, the voltage at a given current will significantly drop as the 
target is oxidized. Since the range of currents drawn by the plasma at 
a given voltage will vary substantially, a voltage-based power source 
will have great difficulty in keeping the plasma stable. When operating 
at high power, the variance between the voltage-source power system 
and the plasma may cause the system to become unstable and oscillate. 
To compensate for the instability of driving plasma with a voltage 
source, a filter is typically added to modify the parallel resonant power 
supply. Unfortunately, energy is stored in the filter, adding to the energy 
delivered to an arc. Power supplies using a LCC resonant circuit have 
current-source properties which enable them to maintain stable plasma 
operation without an additional filter system. 

The arc energy performance of an AC power supply is in part due 
to its circuit topology. The LCC approach stores very little energy with 
its resonant circuit. It can adjust quickly to variations within the plasma 
and deliver full requested power to the cathodes without inducing arcs 
which maximizes the deposition rate. A voltage-source power supply, 
on the other hand, stores more energy in its resonant circuit than a 
current-source power supply. The high stored energy within parallel 
circuit power supplies is required to effectively approximate a sinusoidal 
voltage source. Energy stored in the filter and in the resonant circuit 
adds to the energy delivered to an arc. For example, when running at 
100 kW, an LCC power supply like the one shown in Figure 3 delivers 
approximately 100 mJ into an arc. Meanwhile, typical parallel circuit 
power supplies will deliver several joules, or 30 to 50 times more energy. 
With the low energy that is stored in the LCC power unit, the potential 
for inclusions, pitting, and arc tracks incurred during arc discharge are 
minimized. This leads to higher yields and optimal film quality. 

Figure 3. Advanced Energy® Crystal® Mid-Frequency DMS supply with integrated voltage control for 
transition mode reactive deposition.

Power Supply Control of Reactive DMS Processes
Large area coating stacks make use of dielectric layers as part of a 
complex optical filter which gives the glass its low-e, solar control, and 
aesthetic properties. They are unique among optical filters because of 
their large area, continuous processing, and industrial scale production 
rate. Reactive processes are known to be difficult to stabilize over long 

time scales. Therefore, many large scale processes are operated in 
intrinsically stable regimes, but at low deposition rates.

The details of reactive sputtering process behavior are complex. 
A model which explains some of the static properties shows some of 
the essential physics, with analytical elegance. In fact, the solution 
can be expressed by equations in closed form. It is known as the 
Berg Model [12]. While not the first to appear in the literature, it is 
quite straightforward, and arguably the most transparent. This model 
considers equilibrium conditions, with no dynamics. It simply tracks 
reactive gas, material sputtered from the target, and surface reactions. 
It uses those variables to arrive at relative rate, and reactive gas partial 
pressure.

The overall idea of the model is shown in Figure 4. Reactive gas 
is consumed three different places in the process. It is pumped by 
the system vacuum pump, and is also getter pumped at the chamber 
surfaces (including the glass being coated) and the target surface. So, the 
model equates the constant flow of gas into the chamber with the sum 
of the three pump rates 

Figure 4. Reactive sputtering process model diagram
.

Material sputtered from the target propagates to the chamber 
surfaces. The model assumes that both intrinsic target material and 
reactive compound are sputtered from the target surface. Uniform 
distribution of sputtered material to the chamber surfaces is assumed. 
Figure 4 shows the fluxes of reactive gas, F, sputtered intrinsic target 
material, FM, sputtered compound, FC, and ions, J, schematically. A key 
concept is that fractions of the chamber and target surfaces are covered 
with compound, denoted as Θs and Θt, and, the fractions are not equal. 
It is important to note that getter pumping happens only at uncovered 
surfaces, so a large coverage fraction results in very low getter pumping. 
It is also important that the reactive compound can have a much lower 
sputtering yield, and therefore deposition rate, than the intrinsic target 
material.

When a reactive process is operated at constant power, it has a 
unique control curve with respect to oxygen and voltage, as shown in 
Figure 5. This is an illustrative example created to explain key concepts. 
There is a unique value of oxygen flow for each voltage. On the other 
hand, there can be multiple values of voltage for some oxygen flows; 
there is a region where there are three possible voltages for a particular 
oxygen flow value. Consequently, voltage could be useful as feedback 
for closed loop control, but flow would not. The top part of the curve 
corresponds to the metallic mode, where the film has high deposition 
rate, and the films deposited in this region have a high metal content, 
with high optical absorption, and are generally not suitable as dielectric 
layers. The middle part is the transition region, where the deposition 
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rate is high, and films produced can have low optical absorption, and 
can be quite useful as dielectric layers. The bottom part of the curve 
corresponds to the poisoned mode, where deposition rate is low, the 
process is intrinsically stable, and films produced have low optical 
absorption with good optical quality for use as dielectric layers

Figure 5. Illustrative example of a reactive sputtering process control curve showing relationship between 
oxygen flow and voltage at constant power

Voltage control offers a way to reliably achieve higher deposition 
rate at the same power, or to consume less power at the same deposition 
rate, with a stable process and good film quality. The voltage controller 
can be integrated into the system power supply, with no special 
additional sensors required.

A family of control curves is shown in Figure 6. Voltage control 
provides a way to control operation in the transition region with control 
integrated into the power supply. This is an illustrative example created 
to explain the concept. At point A, there is no oxygen flow. There is just 
the argon process gas flow normally used for sputtering, to achieve the 
desired sputtering pressure. At the selected voltage, the process operates 
at 20 kW. As the oxygen flow is increased, the process moves to point B, 
at 40 kW. When oxygen flow is increased even more, the process moves 
to operating point C, at 60 kW, and then to point D at 80 kW. Finally, 
when oxygen flow is increased even further, point E is reached. Point 
E is on the 100 kW curve, so the power supply delivers 100 kW to the 
process. At a given flow, there is a unique point on the control curve for 
each voltage. And, at a given voltage, there is a unique power for each 
value of flow at desired transition region operating points. This enables 
stable control of the process operating point, by controlling voltage with 
the power supply, and oxygen flow with a mass flow controller. Power 
is monitored with the instrumentation built into the power supply, and 
oxygen flow is adjusted to achieve the desired power.

 Figure 6. Illustrative example of a family of constant power control curves for a reactive sputtering 
process. Power increases with oxygen flow when voltage is held constant in the transition region.

Voltage control has been integrated into a power supply designed 
for driving DMS magnetron pairs with mid-frequency (MF) AC power. 
This power supply is shown above in Figure 3. It acts as a current 

source over short time scales, and is based on the LCC approach 
discussed earlier. The voltage control scheme operates over a longer 
time scale, such that the slower reactive sputtering process dynamics 
experience voltage control, but the faster plasma dynamics experience 
a current source cycle by cycle. There are some key requirements for 
stability of reactive processes operated in the transition region. One 
is short shutdown time when an arc is detected. Shutdowns that are 
too long can result in disruptions to the process much longer than 
the actual shutdown. This has been studied both empirically and with 
numerical simulations [13], [14]. The power supply shown in Figure 

3 has sufficiently short shutdown time for stable operation in the 
transition region.

The arc response recovery protocol was enhanced to enable 
integrated voltage control to work effectively. When reapplying power 
after an arc occurs, a short period of higher power helps to return the 
target to the pre-arc condition [15]. Target coverage fraction tends to 
increase slightly when power is off, since oxygen is adsorbed on the 
surface, but not removed by sputtering, during the shutdown. The 
higher power applied immediately after the arc response accelerates the 
return to the equilibrium target surface coverage fraction.

It is possible to take the benefit of higher deposition rate at the same 
power, or, alternately, lower power consumption at the same deposition 
rate, by using voltage control in the transition region. It is also possible 
to choose a point where deposition rate is increased, and power 
consumption is decreased. The best approach depends on the objectives 
of the system designer and ultimately, the end user

continued on page 48
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Summary and Conclusions
Power supplies which approximate current sources are a favorable 
choice for driving magnetron sputtering processes. LF AC power 
supplies with LCC topology effectively function as current sources. 
When operated in voltage control mode, they can effectively control 
reactive sputtering processes in the transition region, with the 
economic benefit of increased deposition rate or/and decreased power 
consumption.. 
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