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Introduction
Since it was first observed in the mid 1800s, the sputtering of solid 
materials in glow discharges, or simply “sputtering,” has become one 
of the most versatile and widely used methods of thin film and coating 
deposition. Many advances over the years, from Penning’s use of mag-
nets to enhance the discharge in 1939 [1], to Chapin’s invention of the 
planar magnetron in 1974 [2], to more recent developments using high-
power pulsed DC sputtering [3], have greatly increased the versatility 
and use of the sputtering processes. The sputtering sources commonly 
used generally fall into two categories: glow discharge sources (diode, 
triode, and magnetron) and ion beam sources. The magnetron, since 
its introduction in the 1970s, has quickly become the workhorse of the 
industry [4]. In this chapter, the primary focus will be the discussion of 
the glow discharge method and sputtering sources.

Pre-Magnetron Sputtering
DC Diode
Perhaps the simplest sputtering technique is the DC diode. Figure 1 
shows the basic design of a DC diode sputtering system. It consists of 
two electrodes enclosed in a vacuum chamber equipped with suitable 
pumping and gas flow. The cathode, or target of material to be sput-
tered, is simply a plate held at a negative potential. The anode, which 
can be the substrate, can be grounded, floating, or biased. If grounded, 
then the entire vacuum chamber serves as the anode and accumulates 
deposits during the sputtering process. 

Positive ions, usually Ar+, bombard the target and eject mostly neu-
tral target atoms, which are subsequently condensed onto the substrate 
[5]. In DC diode sputtering, electrons are accelerated away from the 
cathode and ionize the process gas, thereby sustaining the discharge. In 
order to maintain the discharge, an optimum gas density is required. If 
the gas density is too low, electrons will strike the anode without ion-
izing any Ar atoms; whereas if the gas density is too high, the electrons 
will not have gained enough energy to cause ionization before they hit 
an Ar atom [6].

Figure 1. Schematic diagram of a DC diode sputtering system.

The ions accelerate back to the cathode and perhaps cause secondary 
electron emission. These secondary electrons are the principle source of 
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the ionizing electrons in the discharge. Because the secondary electron 
yields of many typical sputtered materials are low (only up to about 
25% in most cases), most of the energy arriving at the cathode due to 
ion bombardment results in target heating. Thus, some target cooling 
mechanism is typically included. 

In spite of the relative simplicity of DC diode sputtering, the main 
disadvantages are typically low deposition rates due to the low plasma 
densities, high gas densities, high discharge voltages, and the lack of ver-
satility. Only conducting targets can be used [6]. Growth of insulating 
films via reactive sputtering of conductive targets is also prohibited due 
to the formation of compound dielectric layers on, or poisoning of, the 
target surface [5]. 

Triode Sputtering
In order to increase the ionization of the plasma in DC diode sputter-
ing, a heated filament injects electrons directly into the plasma, inde-
pendently of the target, as shown in Figure 2. This increase in electron 
density provides more control of the ion energy and flux, and results 
in higher deposition rates (up to several thousand Å/min.) at lower 
target voltages (approximately 500 V) and lower pressures (0.5 to 1 mT) 
[4,5,7]. 

Figure 2. Schematic diagram of a DC triode sputtering system.

Problems with triode sputtering include scaling up and the interac-
tions of the filament with reactive gas species. The filament tends to 
erode rapidly during reactive deposition. There are also problems with 
film uniformity and general film quality due to the lack of means to 
confine the plasma and electron path [8]. Triode sputtering became 
out-of-fashion with the development of magnetron sputtering, which 
allowed for the generation of a much higher plasma density.

RF Sputtering
RF sputtering was developed as a means to produce insulating coat-
ings and films. The initial work in RF-sputtering was performed in 
the 1960s. Davides and Maisel used RF sputtering in 1966 to produce 
dielectric films [9,10,11]. In 1967 Miller and Shirn co-sputtered glass 
and metals to form cermet resistor films [12]. Modern commercial use 
of RF sputtering is limited due to the high cost of the power supplies 
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and relatively complicated matching networks that are needed to match 
the impedance of the system to reduce reflected power.

In RF sputtering, an RF frequency of 13.56 MHz is coupled to the 
target material via an impedance matching network and blocking 
capacitor, as shown in Figure 3. The blocking capacitor ensures that the 
time average net current to each electrode is zero [13]. The target and 
the counter-electrode, which may be the substrate holder, act as the two 
electrodes. As the RF power is applied, electrons oscillate between the 
two electrodes with the frequency of the applied power. Ion mobility 
is too low at the typical industrial radio frequency of 13.56 MHz to 
experience much oscillation, and most remain essentially in the center 
of the plasma between the electrodes [5]. During the positive half of the 
cycle, that target acts as anode and will acquire many electrons, but the 
counter-electrode will not acquire as many ions (and vice versa) during 
the negative half of the cycle. Thus, both electrodes acquire a negative 
bias with respect to the plasma [6]. Eventually, due to its negative bias, 
the target will no longer capture as many electrons during the positive 
half-cycle and it will acquire enough ions during the negative half cycle 
to cancel any of the electron gains [6]. At this point, the target has a 
net negative DC bias, attracting the process gas ions and resulting in 
the sputtering and deposition of the target material [14]. One must 
note the symmetry of this process though. If the target and substrate 
are the same size, there will be complete symmetry. Neither electrode 
will acquire the negative DC bias relative to each other. However, an 
anti-symmetric cathode/anode arrangement can be used in which the 
chamber acts, in addition to the substrate, as the anode. The ratio of 
the voltages, with respect to the plasma, measured at the target, Vt, and 
substrate, Vs, are proportional to the ratio of the substrate and target 
areas as follows:

      
where n is in the range 1.5-4 and depends on the experimental set-up 
[4,5,14]. Thus, an increased substrate/anode/chamber area increases the 
relative target potential. If the area ratio is high enough, the sputtering 
of the anode and chamber walls will be negligible. 

Figure 3. Schematic diagram of an RF sputtering system.

Because the power is being split between the two electrodes, the 
effective power at the cathode is typically only 50% of the power 
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delivered in DC sputtering. Thus, there are usually considerably lower 
deposition rates in RF sputtering processes than in an equivalent DC 
process. Also, due to the high cost of power supplies and matching net-
works, scale-up of the RF process is difficult [14].

One major problem with these earlier sputtering systems includes 
nonuniform plasma densities. This leads to nonuniform current density 
and subsequently to nonuniform film thickness. With the increasing 
need for uniform films in the electronics and optical coating industries, 
DC diode, triode, and RF sputtering are not acceptable techniques. 

Early Magnetrons
Introduction
Following the work done by Penning, the magnetic confinement of the 
electrons was exploited to enhance the plasma density at or near the 
surface of the targets. The earliest were the post-cathode and hollow 
cylindrical magnetron structures. In 1968, Clarke developed a sputter-
ing source, which came to be known as sputter-gun or S-gun [15,16]. 
In August 1979, J.S. Chapin was issued a patent for his 1974 design of 
the planar magnetron [2,17]. In the basic design, a magnetic field is 
added to the cathode, providing an E X B drift path for the electrons 
to follow. Proper alignment of the magnetic field helps confine the 
electrons to a region close to the target as follows. The magnetic field is 
oriented parallel to the cathode surface. Thus, the secondary electrons 
leaving the cathode surface with speed, v, experience a Lorentz force 
and begin to move in a circular path of radius r. As long as no collisions 
occur, the electrons are returned to the cathode surface with the same 
speed v. If an electron has a lower speed, it will have a smaller radius 
circular orbit, as shown in Figure 4. If a linearly decreasing electric field 
is introduced, as in Figure 5, then the electrons will have a decreasing 
orbital radius as it moves away from the cathode and increasing orbit 
as it moves back toward the cathode. The result is a cycloidal path as 
shown in Figure 5. Both with and without the electric field, the electron 
is trapped near the surface of the cathode. With the electric field, it is 
allowed to move about over the surface of the cathode, thereby allow-
ing it to make ionizing collisions with the process gas before being lost 
to the anode or other chamber surfaces [5]. Thus, the addition of the 
magnetic field significantly increases the ion density [18]. Operation 
is thereby possible at lower pressures and, thus, the ions bombard the 
cathode at maximum voltages of a few 100s V up to about 1000 V, and 
the sputtered atoms easily traverse the distance to the substrate with 
minimal collisions and scattering in the plasma [6]. 

Figure 4. Electron motion in a uniform magnetic field follow a circular path 
according to the Lorentz Force. The magnetic field points into the page. 

The discharge is typically characterized by the relationship between 
the plasma current and applied voltage, which are related by the 
equation:

     

where n is in the range 3–15. K and n depend on the type of magnetron 
being used, the cathode, and the sputtering gas [6]. Typical magnetron 
characteristics are: cathode current density about 20 mA/cm2, discharge 
voltage 250–800 V, minimum pressure approximately 1 mT, typical tar-
get to substrate distance up to about 5–10 cm, and deposition rates of 
several thousand Å/min for metals and up to a couple thousand Å/min 
for dielectrics [4]. 

Planar Magnetrons
Figure 6 shows the most common magnetron configuration, the pla-
nar magnetron. It is similar to the DC and RF diode arrangements 
described earlier but has an array of permanent magnets behind the 
cathode arranged in such a way as to create a region of magnetic field 
directly above the target [18]. A couple of common magnet arrange-
ments are shown schematically in Figure 7. In both cases, the magnetic 
field is oriented radially and directly above the cathode surface, and 
the electric field decreases away from the surface. Therefore, the E X B 
drift path forms a circle along the target surface, resulting in a region of 
high plasma density along this path. This nonuniformity leads to a pref-
erential sputtering of the target around a circular region known as the 
“racetrack,” as shown in Figure 8. Typical target utilization is only 20% 
to 45% due to this preferential sputtering in the racetrack. Substrate and 
magnet motion is a common means to reduce the effects of the race-
track, but this leads to time-varying deposition rates and incident angles 
and ultimately can affect the film properties [18].

Figure 6. Planar magnetron.

Figure 5. In the presence of crossed electric and magnetic fields, where the 
electric field is linearly decreasing away from the cathode, the electrons will 
follow a cycloidal path.
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problem of low target utilization, the target takes the form of a cylin-
drical tube with the magnetic array inside, as shown in Figure 10. The 
target is rotated around the magnets, thereby exposing all target surfaces 
to the magnets. This design also has the advantage of minimal buildup 
of insulating materials during reactive sputtering and is now widely used 
in large area applications such as for coating architectural glass.

Figure 10. Rotatable cylindrical magnetron by Wright and Beardow.

Cylindrical Magnetrons
One of the most common variations on the magnetrons described is the 
cylindrical magnetron. Cylindrical magnetrons have been widely used 
for coating fibers and wires, as well as a means of applying decorative 
coatings on complex shaped substrates [21]. There are a number of vari-
eties of configuration of cylindrical magnetrons, including: cylindrical 
post magnetrons, in which the cathode is along the axis and the anode 
is a concentric tube, and the cylindrical hollow magnetron (or inverted 
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           a)            b)
Figure 7. Some common planar magnetron magnet arrangements.

Figure 8. The “racetrack” in a 2” circular Si planar magnetron sputtering target.

Permanent magnets, electromagnets, and combinations of these have 
been used. With a combination of types, fine-tuning of the magnetic 
fields for optimum target utilization is possible. The transverse compo-
nent of the magnetic field is typically in the range of 200–500 G[18].

The high power delivered to the cathode results in substantial target 
heating. Therefore, cathode cooling is necessary, typically using water or 
another coolant flowing around the magnets behind the cathode surface. 

A number of variations of the basic design have been developed. In 
1991 Krug et al. reported the design of a high rate planar magnetron in 
which the magnets are brought up beside the target as opposed to sitting 
below. This flattens the magnetic fields and spreads out the racetrack 
region, thereby using more of the target surface. The magnetron is 
shown in Figure 9 [19]. Note the differences in the magnetic field lines 
between this magnetron design and the one in Figure 6 of a conventional 
magnetron. 

Figure 9. Variation in the design of a magnetron source by Krug, et al. (1991) 
[19].

Another variation is the rotatable cylindrical magnetron designed 
by Wright and Beardow in the early 1980s [20]. Designed to solve the 
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magnetron), in which the anode is along the axis and the cathode is a 
concentric tube [22,23]. The electric field is, therefore, oriented radi-
ally. If a magnetic field is directed along the axis, an E X B drift path is 
established in the form of concentric circles around the anode (as shown 
in Figure 11a and b). But, if the electrons have any axial component of 
velocity, they will follow helical paths and drift along the axis and soon 
leave the magnetron. Thus, electron reflecting surfaces, sometimes 
known as “wings,” are often attached to the cathode, as seen in Figure 
11c and d [22,23]. Due to fringe effects, the magnetic field at the ends 
of the magnetron, near the wings, is weaker than within the magnetron. 
Thus, the wings have a lower sputtering yield than the walls and accu-
mulate sputtered material faster than they sputter. Therefore, the wings 
are often made of a different material than the cathode target [22,23].

Sputtering Sources
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            c)      d)
Figure 11. Cylindrical magnetrons; a) cylindrical post magnetron; b) cylindrical 
hollow magnetron; c) cylindrical post magnetron with reflecting surface; and 
d) cylindrical hollow magnetron with reflecting surface.

There have been a number of variations on this basic design. In the 
cylindrical hollow cathode design, as shown in Figure 12, the anode can 
take the form of end caps as opposed to a post through the center of 
the magnetron. This allows one to insert three-dimensional substrates 
within the cavity. In this case, the three-dimensional design of the cylin-
drical magnetrons causes the sputtered material to either deposit on the 
substrate or re-deposit back on the other side of the cavity. Therefore, 
there is very high target utilization, up to about 90%, allowing the use of 
thinner targets than those used with planar magnetrons [24].

Figure 12. Hollow cathode cylindrical magnetron.

In 1999, Wang & Cohen attached a hollow cathode structure (HCS) 
to a planar magnetron, as shown in Figure 13. This HCS, made of stain-
less steel, is attached to the rim of the planar magnetron cathode. This 
addition helps to confine the plasma and increases the ionization. Thus, 
the magnetron can operate at considerably lower pressures than conven-
tional magnetrons under similar deposition conditions [25]. A lower gas 
pressure helps prevent incorporation of contaminants into the growing 
film. Also, a weaker dependence of current on the cathode bias voltage is 
achieved at lower gas pressures. The HCS can be attached either electri-
cally or it can be insulated. This allows for separate control of the HCS 
potential. 

In 1999, Bradley, Willett, and Gonzalvo report much higher dis-
charge currents, for the same voltage, with the introduction of a groove 
machined into the target surface, as shown in Figure 14. This higher cur-
rent has been attributed to the production of a more dense plasma close 
to the cathode surface (up to 20 times more dense). A higher plasma 
density is also observed downstream at the substrate position [26].

Figure 13. Hollow cathode structure attachment for a planar magnetron by 
Wang and Cohen.

Figure 14. Machined groove in a target surface.

In 2002, Pradhan and Shah built a hollow cathode structure for reac-
tive sputtering consisting of a hollow cylindrical magnetron with end 
caps on both ends, as shown in Figure 15. This device did not exhibit 
the normal hysteresis effects commonly seen with reactive sputtering, 
although target poisoning did occur at lower oxygen concentrations than 
with conventional reactive sputtering. Both of these observations can be 
attributed to the structure. Because the end wings only have small holes 
along the axis, the sputtered flux is not as likely to escape the hollow 
cathode chamber. Therefore, it is redeposited on the cathode and pre-
vents the complete oxidation of the cathode during reactive sputtering. 
But, for the same reason, the oxygen introduced to the hollow cathode 
is trapped in the axial region, leading to a more rapid transition to the 
poison mode. With this device, Pradhan and Shah report comparable 
growth rates at lower power densities by up to an order of magnitude 
[27]. 

The cylindrical magnetron provides many advantages over the planar 
magnetron design. The more uniform magnetic field and three-dimen-
sional arrangement allow for more uniform target utilization (up to 

           a)    b)
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about 90%), as well as more uniform deposition over complex shaped 
substrates. The use of end plates, or wings, confines the secondary elec-
trons emitted from the surface to the interior of the cylinder and results 
in an intense plasma produced directly next to the target surface [24]. 

Unbalanced Magnetrons
Introduction
In 1985, Window and Savvides introduced a new unbalanced magne-
tron design in which different strength magnets are used and produce a 
net magnetic flux either to or from the magnetron. By using an unbal-
anced magnetron, they found they could increase the ion bombardment 

of the growing films, which makes the films denser and preferentially 
orients the crystallites in the growing films [27].

By changing the magnet strength, a variety of configurations from a 
balanced magnetron to unbalanced magnetrons are possible. Figure 16 
shows the two types of unbalanced magnetrons. Type I has a stronger 
central magnet and decreases the ion and electron fluxes to the sub-
strate. The lower ion and electron bombardment are advantageous in 
such applications as the growth of films for electronics applications. 
Type II has stronger outer magnets and increases the ion and electron 
fluxes to the substrate. The higher densities near the substrate surface 
subsequently promote beneficial ion bombardment effects [29]. Ion cur-
rents in the range of 3 to 10 mA/cm2 have been reported [28,29].

continued on page 48

   a)

               b)       c)
Figure 16. Unbalanced magnetrons; a) balanced magnetron; b) type I; and c) 
type II.

Figure 15:  Hollow cathode structure by Pradhan and Shah.
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Reactive Sputtering
Introduction
Reactive sputtering has long been a method used to deposit insulating 
and dielectric films such as oxides and nitrides. In fact, some of the ear-
liest sputtering processes reported actually involved reactive processes 
due to the poor vacuum capabilities and the addition of residual oxygen 
and nitrogen during sputtering. 

DC reactive sputtering of metallic targets is often more convenient 
than RF sputtering of dielectric targets due to the expense of RF power 
supplies, matching networks, and the low deposition rates. Among the 
advantages are the ease of metal target fabrication and the versatility 
by simply changing the metallic target(s) and reactive gases and gas 
compositions [4].

But, DC reactive sputtering has some of its own disadvantages 
and difficulties that must be overcome. Two of the primary problems 
encountered in reactive sputtering processes are the formation of a 
compound dielectric layer on the target and subsequent charging of 
the target surface leading to a low sputter yield. As the target becomes 
covered with insulating compound, the sputtering rate decreases for 
at least two reasons. First, the sputter yield of the compound is usually 
lower than that of pure metal. Second, usually, the secondary electron 
emission for the compound is higher than that of the pure metal. 
This injects more electrons into the plasma and decreases the plasma 
impedance. As the ions build up on the target (and do not subsequently 
get neutralized by electrons conducted through insulating layer), the 
potential drop across the dark space decreases and the ions bombard 
the target with lower energies, thereby reducing the sputtered flux [30].

Also, a “disappearing anode” problem exists in that the insulating 
film deposits on all chamber surfaces including the anode. As the 
anode becomes coated, it can no longer conduct electrons away from 
the plasma [31]. 

There have been a number of methods and devices discovered over 
the years that help to alleviate some of these problems, among which 
are control methods including partial pressure control, mid-frequency 
AC reactive sputtering, pulsed DC sputtering, and high-power pulsed 
magnetron sputtering (HPPMS). The recent advances in HPPMS will 
be discussed later in this chapter.

Control Methods
Target poisoning, or the formation of a dielectric layer on the target 
surface, is a result of an increased reactive gas flow. As the reactive 
gas flow increases, initially the sputtered flux getter pumps the reac-
tive gas. This initially increases the relative coverage of the substrate 
with the compound material. As the reactive gas composition is fur-
ther increased, a point is reached at which the flux to the substrate is 
essentially all compound material as opposed to pure metal. At this 
point (labeled A in Figure 17), the getter pumping is saturated, and a 
dielectric film is successfully deposited on the substrate. But, with the 
addition of more reactive gas, the reactive gas partial pressure increases, 
and a dielectric film begins to cover the target surface as well. Very 
quickly, the cathode becomes covered with this insulating compound 
(it becomes “poisoned”). This point is labeled B in Figure 17. The most 
efficient deposition of dielectric films is achieved with reactive gas 
compositions between A and B, but there is typically a very rapid tran-
sition between A and B. Point B can usually be detected via monitoring 
process parameters such as deposition rate, voltage, cathode current, 
partial pressure, etc. But point A is usually difficult to determine [4]. 
With the introduction of two reactive species, such as nitrogen and 
oxygen simultaneously, one must determine the critical region of target 
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contamination as a function of the flow of both reactive gases. The two 
gases can either compete with each other, or they can interact with each 
other in the formation of a compound target layer [32].

Figure 17. Partial pressure versus reactive gas composition.

As a means to perform reactive sputtering in the transition region, 
Sproul and Tomashek introduced partial pressure control in 1983. They 
used a differentially pumped mass spectrometer to measure the reactive 
gas partial pressure. Automatic feedback control adjusts the reactive gas 
flow rate to maintain a constant partial pressure in the transition region 
[33]. Once the target poisoning begins, the reactive gas flow is quickly 
reduced, thereby keeping the partial pressure in the chamber relatively 
low. 

Mid-Frequency AC Reactive Sputtering
As a means to help deal with the formation of a compound layer and the 
subsequent charging of the target, Cormia et al. pioneered the use of mid-
frequency AC power in the 1970s [34]. By the mid 1980s, researchers such 
as Este and Westwood had improved the deposition rates and efficiency of 
this method substantially using a dual magnetron method [35].

The use of dual magnetrons was introduced by Este and Westwood 
in 1987 and refined by Scherer in 1991 and Glocker in 1993 [35,37]. 
Mid-frequency AC magnetron sputtering is essentially the same as the 
DC method described earlier except the cathode and anode switch places 
every half cycle. The most efficient use is with two targets [36]. As the 
potential continually switches, the compound buildup is maintained at a 
constant level. This prevents the “disappearing anode” problem previously 
encountered in reactive sputtering and also provides a more efficient use 
of the power being supplied to the process. In RF sputtering systems, only 
50% of the applied power is used. This, in turn, can lead to increased 
deposition rates. Este and Woodward report up to 80% higher deposition 
rates for AlN films being grown this way versus RF magnetron sputtering 
at 13.56 MHz [37]. 

The buildup of charge on the target surface once the insulating layer 
has been established has been a problem for DC reactive sputtering. If too 
much charge accumulates, arcing can occur, which can eject macro-sized 
particles toward the substrate. With the high rate of switching in AC sput-
tering, this can be avoided. Typical frequencies used for the deposition 
of dielectric layers such as Al2O3, SiO2, and Si3N4 range from about 10 
kHz to about 100 kHz. Above about 10 kHz, there is not enough time for 
charge to build up on the target surface, thereby preventing any arcing 
[38]. 

One problem that arises is the increase in substrate heating during AC 
sputtering processes as opposed to DC processes. This increased substrate 
heating has been attributed to charged particle, both electron and ion, 
bombardment [39,40].

Pulsed DC Sputtering
Similar to AC sputtering, a pulsed method of DC sputtering was first sug-
gested around 1986. But the absence of suitable power supplies and fre-
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quency generators prevented much real work with this technique until 
the early 1990s. 

Two approaches to the pulsed magnetron sputtering (PMS)process 
have been used. The first is single magnetron sputtering (SMS). In SMS, 
the voltage is periodically reversed, allowing the buildup of charge to 
be removed from the target surface. In that the compound layer is not 
actually removed, the disappearing anode problem is not resolved in 
this method. The second method is called dual magnetron sputtering 
(DMS). In DMS, the discharge is switched between two magnetrons, 
with one magnetron always acting as the anode [41,42,43]. 

This differs from the mid-frequency AC sputtering in that the 
pulses are used as opposed to AC voltages. When the polarity of the 
target is negative, ions will be attracted and sputtering will occur. But 
there is also the formation of an insulating compound layer in many 
reactive processes. During the positive part of the cycle, electrons are 
attracted to the target to remove the charge buildup. Now, with the 
neutralization of the target, during the next negative pulse the ion bom-
bardment of the target sputters some of the compound [44,45]. Power 
supplies are usually operated in a constant current mode. This way, 
when returning to the negative pulse, an initially high voltage rapidly 
accelerates ions to the target and re-establishes the current and deposi-
tion rate. Otherwise, the current takes a short time to build up and 
drop the plasma impedance, which was increased slightly during the 
positive pulse [46]. The duration of the plasma buildup and stationary 
plasma (maximum ion current) regimes depends on a number of fac-
tors such as: pulse duration, repetition frequency, pulse power, and 
operating pressure. Therefore, for high-frequency and short duration 
pulses, the plasma build-up phase dominates, and the pulsed magne-
tron operates in essentially a voltage mode. Whereas, for lower frequen-
cies and longer pulse durations, the stationary plasma phase dominates, 
and the magnetron operates in a current mode [47].

Either a bipolar or unipolar pulse can be used to eliminate the 
charge buildup and prevent arcing [48]. In unipolar mode, a pulsed 
square wave voltage is applied to a single cathode. The anode is 
“hidden” in such a way that it will not easily be coated. In bipolar mode, 
voltages with alternating polarity are applied to two magnetrons, one 
acting as anode while the other acts as cathode [49]. When operating in 
the bipolar mode, either symmetric or anti-symmetric configurations 
can be used. In a symmetric configuration, equal positive and negative 
pulses are applied in each cycle; whereas, in anti-symmetric use, the 
magnitude of the positive pulse to the target is typically much smaller 
than that of the negative pulse, and its duration is typically smaller as 
well. This small, short, positive pulse is sufficient for the discharging 
that needs to occur during the positive cycle [50].

Because it usually takes considerably longer than one pulse cycle to 
poison a target, it is not necessary to reverse the polarity as often. But 
discharging is needed. In a pulse-packet supply, which is used with a 
dual magnetron system, a unipolar pulse (pulse frequency) is applied 
to one magnetron a number of times, and then the polarities are 
reversed (pole changing frequency), and the other magnetron is pulsed 
a number of times. This unipolar pulsing prevents charge accumulation 
and resulting arcing, and the insulating layers are eventually removed 
when the poles are reversed [51]. 

High-Power Pulsed Magnetron Sputtering (HPPMS)
Introduction
In October of 2001, V. Kouznetsov was awarded a U.S. Patent for a 
method of “magnetically enhanced sputtering.” He showed that the 
application of very high instantaneous power, up to 100 times those 
normally used, results in regions of very highly ionized gas in which 
both the process gas as well as the sputtered species are ionized [52,53]. 

The results of this highly ionized plasma are a more uniform target utili-
zation and a more uniform film deposition on the substrate. The pulsing 
Kouznetsov reported used pulses of at least 0.1 kW to 1 MW with peak 
voltages of 0.5 kV to 5 kV. The pulses were shorter than 1 ms in duration 
and occurred at intervals of 10 ms up to 1000 s [52]. Although the peak 
power can be up to 100 times the power normally used in conventional 
magnetron sputtering, the average power is in the same range [3,54]. 

This process provides numerous advantages over other sputtering 
methods. Up to 90% of the sputtered species can be ionized with the 
high-power pulses, and these ions can then be directed via electrical or 
magnetic fields as they approach the substrate, thereby providing a high 
degree of control over the deposition. Theoretical and experimental 
studies suggest that film density can be greatly enhanced with a high ion 
to neutral flux ratio at the substrate and a high ion energy flux [55]. For 
example, carbon films deposited with HPPMS exhibit densities up to 
2.7 g/cm3 as opposed to conventional DC sputtered films with densities 
below 2.0 g/cm3 [56]. 

This method of deposition control yields a much more uniform, 
smooth, and dense film with equiaxed grains without the use of substrate 
heating and other methods such as arc-evaporation, which typically 
generate macro-particles [3,57]). Also, conversion of existing systems is 
relative easy. Many sources can already be used with HPPMS, and all that 
is needed is a power supply capable of the high power pulses [3]. 

In 2005, Christyakov was granted a patent for a variation in which the 
pulse is split into two phases. In the first part, a weakly ionized plasma is 
created, and the second phase this plasma is boosted to its highly ionized 
state. This method overcomes previous problems with deposition rates 
and power consumption [58,59]. In the second pulse, instabilities are 
created in the plasma that heat the electrons and result in an increase in 
ionizing collisions [3]. Higher deposition rates (up to 150%) than con-
ventional DC sputtering can be achieved, as observed with Cu, Ti, and Al 
targets [3]. 

Conclusions
From the earliest days of DC diodes until the present, there have been 
numerous significant improvements in sputtering technology. Magnet-
rons permitted the robust use of lower pressures over large areas and 
thereby enabled far superior coating quality. More recently, the use of 
feedback control of reactive gases and various types of AC and pulsed DC 
power supplies have made it possible to sputter electrically insulating 
materials at high rates and virtually eliminate arcing in the process. And 
unbalanced magnetrons and HPPMS produce significant levels of ioniza-
tion, enabling more effective bias sputtering with still denser and harder 
coatings. Without these advances, many important applications would be 
impossible.

Because of these changes over the last 50 years, sputtering has moved 
from a laboratory-scale process to one that has enabled us to alter the way 
we live in dramatic ways. It is probably not too extreme to say that the 
digital age would not have been possible without the advent of high-rate, 
well-controlled sputtering processes. Every new technological improve-
ment or combination of improvements has resulted in new opportunities 
and products. One need only look at the widespread use of controlled 
reactive sputtering from rotatable magnetrons with pulsed power supplies 
in the architectural glass industry for evidence of that. 

In spite of these advances, there are still many fundamental questions 
about the sputtering process that remain unanswered and, if history is any 
guide, many unrealized opportunities. But any technology that combines 
plasma physics, chemistry, material science, electrical engineering and 
so many other fields is sure to continue to attract bright researchers to 
maintain the progress.
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