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Abstract
High Power Impulse Magnetron Sputtering (HiPIMS) is an ionized 
Physical Vapor Deposition (iPVD) technique that utilizes high 
power pulses applied to the sputtering target at low duty cycles. 
Because of the high peak power densities in HiPIMS discharges, a 
larger fraction of sputtered material is ionized when compared with 
DC magnetron sputtering (DCMS). HiPIMS produces coatings of 
higher quality, but suffers from intrinsically low deposition rates 
when compared with DCMS, due to the “return effect.” These 
low deposition rates hinder the ability to implement HiPIMS on 
an industrial scale. The Center for Plasma-Material Interactions 
(CPMI), University of Illinois (Urbana, IL) has developed the new 
magnetic field configuration called the “Tripack” magnet pack, 
which provides a higher deposition rate in a HiPIMS discharge for 
circular sputtering magnetrons. The Tripack yielded deposition 
rates in the HiPIMS mode comparable to or greater than a standard 
magnet pack DCMS deposition rate for titanium. Also, the Tripack 
showed equivalent deposition rates for carbon at 500W average 
power. To become industrially relevant, HiPIMS must produce 
higher deposition rates for linear cathodes, which can be scaled to 
any desirable size. This work shows the modeling and design of a 
linear cathode driven Tripack that can function as a simple upgrade 
to existing commercially available magnetrons. 

Introduction
Physical vapor deposition (PVD) is a principal technique used to 
create coatings or films. PVD is simply the physical removal of 
atoms on a target with intention of relocating those atoms onto 
a surface to create a coating or film. These coatings have certain 
properties of importance, such as purity, density and adhesion 
to the substrate surface. Because this technique is used in the 
semiconductor industry, the automotive industry, the tool industry, 
and many other industries, there is always an increasing demand for 
high quality films and coatings.

HiPIMS differs from DCMS by applying high power pulses to 
the sputtering target at low duty cycles as opposed to applying a 
constant power, voltage, and current. This allows for peak power 
densities of up to hundreds of kilowatts per square inch, while 
keeping the average power densities the same as DCMS. These high 
power densities allow for a very high electron density in the near-
target plasma. The high electron density is responsible for ionizing 
the sputtered target material, increasing the ionized deposition flux 
[1], which leads to superior film quality over DCMS [2].

Motivation
Superior film quality is the main reason for the increasing use 
of HiPIMS for research applications, and the intrinsically low 
deposition rates associated with HiPIMS are the reason for its lack 
of industrial use. In most competitive environments, the throughput 
of the product is the primary concern, and when HiPIMS can 
have deposition rates as low as 30% of DCMS deposition rates, it is 
often not even considered. Figure 1 shows the DCMS and HiPIMS 
comparison of deposition rates for many relative target materials. 

Figure 1. Deposition rate comparison between HiPIMS and DCMS for different target materials (shown on the 
left axis). The dotted line shows the ratio of HiPIMS/DCMS rates (shown on the right axis) [3].

A traditional magnetron operates by utilizing a static magnetic 
field, primarily responsible for trapping the electrons in the near 
target area to increase the electron density. The working gas 
is ionized near the target, and an electric field accelerates the 
ionized working gas towards the sputtering target, sputtering off 
target atoms, which are then ionized. In HiPIMS ions are the new 
dominating deposition flux species, allowing for influence by a 
substrate bias to control the incident energy and angle. This control 
allows for the superior film quality (high density and low porosity) 
associated with HiPIMS.

In HiPIMS, the strong magnetic field that traps the electrons near 
the target and the negative applied target voltage are responsible 
for creating a strong electric field toward the target, influencing 
the sputtered ions. The ions return to the target and the magnetron 
enters a self-sputtering operating mode, where the new working 
gas is primarily target material ions. Because the sputtering yield is 
lower in self-sputtering than with an ideal working gas incident on 
the target, the deposition rate decreases.
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Figure 1 – Deposition rate comparison between HiPIMS and DCMS for different target materials. [3] 

 

Figure 2 – Deposition rates normalized to DCMS deposition rates using the conventional magnet pack. The 
shading in the bars signifies different input parameters for the same average power. [5] 
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There are many approaches one can take to tackle the low 
HiPIMS deposition rate issue. At the Center for Plasma-Material 
Interactions (CPMI), University of Illinois (Urbana, IL), a redesign 
of the magnetron magnet pack was carried out for a 4-inch circular 
magnetron with positive results. An optimization of the magnetic 
field topology was created, and a high deposition rate HiPIMS 
magnet pack was manufactured, following the patent application 
[4]. This circular magnet pack is known as the TriPIMS magnet 
pack and features three confinement regions for the electrons, 
contributing to three erosion zones. 

 In this work, the linear Tripack magnet pack yielded 
HiPIMS deposition rates that were higher than DCMS conventional 
magnet pack deposition rates for titanium and equal deposition 
rates for carbon. It is important to note that because HiPIMS has 
more input parameters, there can also be different deposition 
rates for the same average power in HiPIMS. Figure 2 shows these 
results, where the shaded regions on the bar graph take into account 
different input conditions for a constant average power.

Figure 2. Conventional and Tripack deposition rates for Ti, C, and Al at 500W. The rates are normalized to 
DCMS deposition rates using the conventional magnet pack. The shading in the bars signifies different input 
parameters for the same average power of 500W [5].

The results seen in Raman et al. [5] show that a change in the 
magnetic field profile changes the associated deposition rate, and 
shows that for a 4-inch circular magnetron, the Tripack magnet 
pack increased HiPIMS deposition rate over the conventional pack 
HiPIMS deposition rate in all cases. For HiPIMS to become relevant 
on an industrial scale, a high deposition rate magnet pack must be 
modeled and created for a scalable linear magnetron.

Modeling Results
Modeling of the linear magnetron high deposition rate HiPIMS 
magnet pack’s magnetic fields, electron confinement, and electron 
transport are crucial to the understanding of the magnet pack 
design. First, visualization of the magnetic field lines is necessary 
for the linear magnetron conventional magnet pack. Figure 3 
shows the magnetic field lines and magnetic field strength for the 
conventional magnet pack. Figure 4, on the other hand, shows 
the magnetic field lines and magnitude for the proposed linear 
magnetron Tripack magnet pack. COMSOL Multiphysics finite 
element software was used to model this system at the Visualization 
Laboratory at the Beckman Institute, University of Illinois.

Figure 3. 2-D cross sectional magnetic field lines and magnetic field strength for the linear conventional 
magnet pack. The magnetic field strength is color coded on the right hand vertical axis in Tesla.
 

Figure 4. 2D cross sectional magnetic field lines and magnetic field strength for the linear Tripack magnet 
pack. The magnetic field strength is color coded on the right hand vertical axis in Tesla.

The magnetic and electric fields can tell us a lot about the 
magnetron and behavior of particles, but a thorough analysis 
of electron trajectories is the ideal way to understand how they 
will behave. Full-scale 3-D models of the electron trajectories 
have shown that the electrons behave as expected, following the 
E×B direction and being well confined in the expected zones. A 
2-D cross section of these electron trajectories is a much simpler 
visualization of how the electrons behave in both of the magnet 
packs. The model shown in Figures 5 and 6 assume a 0.5-inch 
(1.28 cm) copper target biased to -600V, 1 mTorr (0.133 Pa) 
argon working gas, coulombic collisions between electrons, and 
neutral gas scattering. 1000 electrons are released along the target 
surface uniformly. Figures 5 and 6 show the electron trajectories 
for the conventional magnet pack and the Tripack magnet pack, 
respectively, for a linear magnetron. 

Figure 1 – Deposition rate comparison between HiPIMS and DCMS for different target materials. [3] 

 

Figure 2 – Deposition rates normalized to DCMS deposition rates using the conventional magnet pack. The 
shading in the bars signifies different input parameters for the same average power. [5] 
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loss for any electrons that are caught in the magnetic trap, but the 
Tripack shows that there truly are routes for controlled electron 
loss. This electron loss is due to the magnetic field strength 
decreasing quicker than the conventional magnet pack magnetic 
field strength as the distance from the target increases, as well as the 
Tripack’s magnetic field lines not being closed at a distance from 
the target. Because of these results, as well as the similar work and 
results for the 4 inch (10.24 cm) circular Tripack, this HiPIMS high 
deposition rate magnet pack is expected to produce higher HiPIMS 
deposition rates.

Conclusions
HiPIMS is a tool that is capable of producing films of higher quality 
than those deposited by DCMS. The main deterrent of HiPIMS 
for industrial use is its intrinsic low deposition rate compared with 
DCMS. The linear Tripack magnet pack modeling yielded results 
that are promising. This is promising due to the similarities between 
the linear magnetron results and previous work on a 4-inch (10.24 
cm) DCMS circular magnetron, where a circular Tripack produced 
higher deposition rates than a conventional magnet pack in HiPIMS 
mode.
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Figure 5. Electron trajectories and energy in electron volts for the linear magnetron conventional magnet pack. 

Figure 6. Electron trajectories and energy in electron volts for the linear magnetron Tripack magnet pack.

Figure 3 shows that the magnetic field lines are closed without 
an obvious path for loss of electrons, contributing to the return 
effect of the ions back to the target for a conventional magnet pack. 
[6] In Figure 4, paths for electron loss can be seen, and the field 
lines are not closed far away from the target surface. This allows the 
electrons to escape the magnet field trap and pull ions away from 
the target with them by ambipolar diffusion, increasing deposition 
rate. Ambipolar diffusion is the process by which charge separation 
produces a local electric field, influencing the electrons by slowing 
them down, and speeding up the ions toward the electrons. In 
this situation, the electrons are directed towards the substrate, and 
trapped ions are pulled out of the magnetic trap to deposit onto the 
substrate.

It is important to understand that complete loss of electrons from 
the target is not ideal. The electrons are essential to the magnetron 
system, being the main contributor to ionization of the working gas. 
Figure 4 clearly shows that the magnetic field strengths trapping 
electrons are very similar to those in the conventional magnet pack 
in Figure 3. This keeps the overall operation of the magnetron 
satisfactory.

Figures 5 and 6 show that both of the magnet packs confine 
electrons well, the conventional in its expected confinement 
location and the Tripack in all three of its confinement locations. 
More importantly, the conventional magnet pack shows no particle 
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