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on the efforts of Dr. David Christie, who designed and built an experimental 
HPPMS power supply [10-12].

Through the work of the initial groups involved with HPPMS, it 
quickly became apparent that HPPMS is a very important advancement in 
sputtering technology. The production of a highly ionized flux of sputtered 
material can be used to improve film properties and to coat complex shapes 
more uniformly [13]. High power pulses can be applied to most magnetron 
sources with no modification of the source, and only the power supply has to 
be changed to gain the advantages of this technique. 

HPPMS is very similar to cathodic arc deposition in that both produce 
a flux of highly ionized particles that can be use to produce films with 
enhanced properties. However, there is one very important difference 
between HPPMS and cathodic arc deposition. There are no macroparticles 
produced in the HPPMS process, which means that very smooth dense films 
can be deposited without the need for the elaborate filtering systems that 
are used to remove the macroparticles in a cathodic arc system.

Several other advantages have been shown for HPPMS. Böhlmark et al. 
[15] recently reported the there is a broad distribution of ion energies for 
the ionized particles produced in the HPPMS process. Whereas the energy of 
conventionally sputtered species is in the 5-10 eV range, the HPPMS ionized 
species measured in the work of Böhlmark et al. show a maximum energy 
of 100 eV, and over 50% of the ions have energies in excess of 20 eV. Thus 
HPPMS is a source of highly energetic particles, which can be used to our 
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Every now and then a new discovery comes along that can shake up an 
old fi eld. Sputtering, which many of us have been practicing for many 
years, is one such area where a new discovery is changing its future. 

This discovery is high power pulsed magnetron sputtering (HPPMS) as it is 
know in the USA or High Power Impulse Magnetron Sputtering (HIPIMS) as it 
is called in Europe. 

HPPMS was initially reported in the Western literature in 1999 in papers 
by Kouznetsov et al. [1] and I. K. Fetisov et al. [2]. They showed that applica-
tion of a large amount of power to a magnetron sputtering source for a 
short period of time produces a high degree of ionization of the sputtered 
material. Typically the HPPMS power density is about 100 times that of 
normal magnetron sputtering and is in the range of 1000 to 3000 W cm-2 for 
good ionization, but the duration of the pulse is very short, on the order of 
100 to 150 microseconds. Even though the peak power is very high – it can 
reach the megawatt range for large cathodes—the average power, which is 
determined by the peak power and the pulse repetition rate, is in the range 
for normal magnetron sputtering.

Development of the HPPMS technology began in Sweden both at Chemfilt 
with Dr. Kouznetsov [3] and at Linköping University in the group of Professor 
Ulf Helmersson [4-6]. Soon thereafter it spread to Sheffield Hallam University 
in the UK where its importance was quickly recognized by Professor W.-D. 
Münz and his group [7-9]. In the United States, work on HPPMS initially was 
carried out at Advanced Energy Industries in Fort Collins, Colorado based 
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tion rate can be less than, equal to, or greater than the deposition rate with 
conventional DC power for an equivalent average power. For example with 
an average applied power of 8.8 kW to a copper target, the deposition rate is 
only 60% of the conventional DC rate for a pulse duration of 200 microsec-
onds, but for a pulse duration of 400 microseconds, the rates are equal. 
However if the pulse duration is increased to 1000 microseconds, the MPP 
rate is 150% of the equivalent DC rate. Similar increases in rate have also 
been observed for the MPP sputtering of titanium and aluminum.

Modulated pulsed power has also been used for the reactive deposition of 
titanium nitride (TiN) and aluminum oxide (Al2O3). With an average power 
of 1.5 kW and a target to substrate distance of 26 cm, the TiN deposition 
rate was 1 micron per hour, which is good considering the low power and the 
large target to substrate distance.

The high degree of ionization of the sputtered titanium during the 
reactive sputtering of TiN is shown in Figure 2. If neutral titanium were 
present, it would be found at a wavelength of about 364 nm, but there is only 
a very small peak at this wavelength. Instead strong peaks for single ionized 
titanium are observed at about 368 and 375.5 nm, which show that there is a 
very high degree of ionization of the sputtered titanium.

Figure 2. Optical emission spectrum for titanium during the MPP reactive sputtering of TiN. From 
reference 18. Used with permission from the Society of Vacuum Coaters.

Aluminum oxide films were reactively deposited with an average 
modulated pulsed power of 4.5 kW and a target to substrate distance of 
23 cm. Mass flow control was used to regulate the inlet of oxygen into the 
chamber, and a normal, as compared to using conventional pulsed power, 
partial pressure vs. flow hysteresis curve was generated. With the oxygen 
flow was set at 38 sccm and the argon flow at 220 sccm, the deposition rate 
for Al2O3 was 12 microns per hour, a surprisingly high rate. Optical emission 
spectroscopy shows peaks for both neutral and singly ionized aluminum 
during the reactive deposition. The Al2O3 films appear to be dense and 
smooth when observed in a scanning electron microscope as is shown in 
Figure 3. 

advantage in depositing films once we understand how to use them. 
Dr. John Thornton in his famous structure-zone diagram [16] showed 

the importance of the substrate temperature and sputtering pressure on 
the structure of sputtered films. This diagram also shows the importance 
of the energy of the sputtered species. Particles with more energy at the 
substrate, which are those sputtered at low pressures and high substrate 
temperature in conventional magnetron sputtering, can form dense equiaxed 
grains, whereas those sputtered at high pressure and low substrate tempera-
ture form columnar grains with voids between the grains. HPPMS offers 
the possibility of operating in the higher energy regimes of the Thornton 
diagram, which should allow films with fully dense equiaxed structures to be 
deposited directly without resorting to high substrate temperatures.

Ehiasarian et al. [17] have shown another promising use for the ionized 
particles produced in the HPPMS process. They used HPPMS chromium 
ions for sputter etching the substrate prior to deposition of a chromium or 
chromium nitride film, and they showed an enhanced performance of the 
coating compared to films etch with chromium ions from a cathodic arc 
source. There are no macroparticles in the HPPMS Cr etched films, which 
gave a smoother film with few if any defects in it. The lack of the macropar-
ticles enhanced both the corrosion and wear resistance of the films.

Although the advantages of HPPMS with its highly ionized plasma are 
many, there has been one main disadvantage with the technique until just 
recently. This disadvantage, as was reported by Sproul et al. at the SVC 
Technical Conference in 2004 [14], is that there is a significant loss in 
deposition rate for HPPMS deposited films compared to films deposited with 
conventional DC power. Typically the deposition rate for HPPMS deposited 
films is only 25 to 30% of the rate for conventional deposited films for an 
equivalent amount of power. 

This loss in deposition rate has serious economic consequences for 
industrial processes where throughput is an important criterion for success 
of a process. Only applications that cannot be done another way or where 
there is superior performance of the HPPMS coated part will be produced by 
the HPPMS process. In addition to the rate issue with the HPPMS process, 
the need for very high peak power capabilities in HPPMS power supplies 
in order to achieve the necessary power density for high ionization of the 
sputtered species means that the cost of these power supplies will be high.

Fortunately there is a solution for the HPPMS rate and power supply cost 
problems. At this year’s SVC technical conference, Chistyakov et al. [18] 
reported on a variation of the HPPMS process that overcomes the rate loss 
problem and reduces the magnitude of the peak power needed to achieve 
the high degree of ionization of the sputtered species. With the Chistyakov 
pulsing technique [19-20], the pulse is split into two phases [19]. In the 
first phase of the pulse, a weakly ionized plasma such as is normally found 
in conventional magnetron sputtering is created, and then the plasma is 
boosted into a strongly ionized state by applying a second voltage pulse to 
the cathode. It is in this strongly ionized state where there is a high degree 
of ionization of the sputtered material. 

A typical trace from the computer screen of  the Zpulser—40™ pulse 
plasma generator showing the cathode voltage, current, and power versus 
time for this technique is presented in Figure 1. The overall length of the 
pulse in this modulated pulsed power (MPP) technique is normally in the 
millisecond range rather than in the 100 microsecond range as has been 
used in most of the reported work to date with HPPMS, and the peak power 
density is typically in the 100s of W cm-2 rather than the 1000-3000 W cm-2

range as practiced with the Kouznetsov technique.
When the second voltage pulse is applied to the cathode, instabilities 

are created in the plasma, and these instabilities heat the plasma electrons, 
which then undergo ionizing collisions with the sputtered atoms. Adjustment 
of the power level, duration of the weakly ionized plasma stage, the rise 
time of a secondary voltage pulse, and the overall pulse length generate 
magnetron discharges with different oscillations and different abilities to 
ionize the sputtered atoms.

The deposition rate is a function of the applied voltage pulse shape, the 
pulse duration, and the pulse repetition rate [20]. With MPP, the deposi-

HPPMS
continued from page 35

Figure 1. Deposition of copper using modulated pulsed power. When the transition from the 
weakly ionized plasma to the strongly ionized plasma occurs after the application of the second 
voltage pulse, the cathode current and power increase significantly as does the ionization of the 
sputtered species. (This Figure , from Reference 18, is used with permission from the Society of 
Vacuum Coaters.)
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Figure 3. Scanning electron micrograph of an MPP reactively deposited of Al2O3 film. From 
reference 18. Used with permission from the Society of Vacuum Coaters.

Modulated pulsed power is an important addition to the HPPMS arsenal. 
It overcomes the loss of rate problem reported in the early HPPMS work, and 
the MPP deposition rate can actually exceed the conventional DC rate for 
an equivalent average power. MPP also provides a high degree of ionization 
of the sputtered species with lower peak power, which means that it will be 
possible to scale MPP sputtering for large area depositions at a reasonable 
cost. The energy in the ionized species should permit deposition of films in 
areas of the Thornton diagram, which were only achievable in the past with 
high substrate temperature. 
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