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ABSTRACT

High power pulsed magnetron sputtering (HPPMS) discha
is a new i-PVD technique. With HPPMS, high plasma den
ties and highly ionized sputtered materials can be produ
The high power is applied to conventional magnetron ca
odes in short pulses (typically 50-150 µs). The magnetron
cathode was driven by an experimental pulsed power su
in development by Advanced Energy Industries. The po
supply can provide peak power pulses in the megawatt ra
at a repetition frequency of up to 500 Hz and a pulse widt
the range of 50–150 µs. In this paper, the deposition of th
(< 20 nm) films with HPPMS using carbon cathodes in
6-inch circular magnetron is described. We present evide
for increased plasma ion production compared to continu
D.C. magnetron sputtering. Carbon film densities up to 
g/cm3 have been measured. The density is significantly
creased compared to films grown by PECVD (2.1 g/cm3) or
D.C. sputter deposition (< 2.0 g/cm3). The current–voltage
characteristics of the discharges and thin film characteriza
are also discussed.

INTRODUCTION

The high power pulsed magnetron sputtering (HPPMS) 
charge is an emerging PVD technique [1-12]. The techni
allows for production of high density plasma witho
macroparticle generation. Ionization of the sputtered spe
has been demonstrated for several target materials [2].
anticipated that HPPMS could become an important te
nique because a number of theoretical and experime
studies [13, 14] have shown that densification of the grow
film can be achieved by high ion-to-neutral ratio and high 
energy flux arriving at the substrate surface. The high po
in HPPMS is applied to ordinary magnetron cathodes
pulses with short duration of typically some tens of micros
onds. These short times are chosen in order to utilize very
power during pulses while suppressing glow-to-arc transi
due to time delay of onset of arc mode. Distinction betw
glow mode and arc mode is possible by time-resolved vol
and current measurements as cathodic arcs have vol
< 50 V [15]. The maximum pulse duty cycle is mainly limite
by cooling considerations of the magnetron device.
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In this paper we describe the deposition of carbon thin film
using HPPMS. The objective is to conduct an evaluation
carbon film deposition using the HPPMS technique for da
storage applications. Thin (~ 3 nm) hard carbon films a
currently used as protective overcoats on hard disks and re
write heads. The areal density of information stored in di
drive products increased at an amazing rate of over 65%
many years, and continues to accelerate to even greater 
[16]. To accomplish this, the “physical spacing” between t
magnetic layers of the disk and read/write sensor of the h
must continue to decrease. The magnetic spacing includes
overcoats, lubrication, and the fly height. Thinner overcoa
allow the read/write head to be closer to the magnetic laye
the disk. As areal densities greater than 150 Gb/in2 are achieved,
the magnetic spacing will be less than 10 nm and the overc
thickness must decrease to 1–2 nm.

Carbon overcoats currently used are sputtered or ion-be
deposited diamond-like carbon films doped with hydroge
and / or nitrogen. These films are unable to provide accepta
corrosion protection when the film thickness is less than 2-n
thick. Overcoats need to be tough (hard and elastic), che
cally inert, pinhole-free, and compatible with the lubrican
Desired carbon film properties are: density: > 2.7 g/cm3;
thickness range: 1.0-2.5 nm; uniformity over 9.5 cm OD:±
5%; deposition rate: > 0.5 nm/s; smoothness: < 0.4 nm RM
The films must also demonstrate required wear and corros
resistance, and lubricant compatibility. Extensive develo
ment efforts will be required for a new film concept.

EXPERIMENT

Figure 1 shows a schematic diagram of the experimen
setup. Carbon films were prepared using a planar magne
having a 160-mm-circular cathode. The chamber was pum
to a base pressure of approximately 2 x 10-6 Torr and then
argon was flowed to reach an operating pressure ~ 3 mT
The aluminum and carbon targets were provided by ORY
Advanced Materials (Fremont, CA). The carbon target w
99.9995% pure graphite with a density of ~1.90 g/cm3. The
carbon target was bonded to a copper backing plate w
indium and then bolted to a heat sink. The aluminum targ
were also 99.9995% pure and were clamped directly to 
heat sink.
© 2003 Society of Vacuum Coaters 505/856-7188
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Figure 1:  Schematic representation of the experimental se
of the high power pulsing system and magnetron.

The plasma was controlled using an experimental high pow
pulsed energy source (Advanced Energy Industries). T
operating conditions of the power supply for carbon depo
tion were: pulse width 60-120 µs, pulsing frequency 10-200
Hz, plasma impedance 0.5-3.0Ω, capacitor charging voltage
500-2000 V, and up to 5 kW average power. Typically, th
power supply was operated at a duty cycle of 1.4% (100 µs @
140 Hz). The target voltage was monitored with a hig
voltage probe (Tektronix P6061), while target current was
measured with a current monitor (Pearson, 1V/kA).

Time resolved emission spectra between 200-800 nm of 
magnetron plasma were taken using a 0.3 m spectrom
(Acton Research SpectraPro 300i) using an intensified CC
camera (Princeton Instruments PI MAX512RB). The timin
of the high voltage pulse used to gate the optical detect
system was synchronized with the high power pulsing syste

The ion/neutral ratio for the deposited material was measu
using a quartz crystal microbalance (QCM) mounted behi
a two layer-gridded energy analyzer with an aperture limiti
mask [17]. This measuring device was located in the horizo
tal plane of the substrate. Grid 1, grid 2, and mask are loca
0.9 cm, 1.3 cm, and 2.4 cm from the crystal surface. T
gridded analyzer was located 7.5 cm from the magnetr
target. The analyzer mask was grounded, the top grid was
to -100 V and the bottom grid was biased at either ±40 V. Each
grid consists of a mesh with holes of 0.094 ± 0.004 mm
diameter; the geometric transmittance of the grid was 52.±
2.1%. When grid 1 was biased to -40 V, both positive ions a
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neutrals deposited onto the crystal. The deposition rate of ion
and neutrals can be determined using a deposition controlle
(MDC 260; Maxtek, Inc.). When grid 1 was biased +40 V,
positive ions are repelled and only neutral species deposit. Th
ionization fraction is calculated using the ratio of the two
measurements.

Carbon film stress was measured using a wafer measureme
system (model FSM128; Frontier Semiconductor Measure
ment Inc.). First, the curvature of an uncoated wafer wa
measured. Following deposition, the FSM128 was used t
measure the change of curvature induced in a wafer due to th
deposited film. The deposited film thickness and reference
curvature data for the uncoated Si wafer were used to calcula
the film stress. The FSM128 can measure stress as low 
several MPa. The carbon film thickness was obtained using
profilometer (Model P-10 Surface Profiler; KLA Tencor).

X-ray reflectivity, AFM, XPS, and nano-indentation mea-
surements were also performed on a variety of carbon films
The data was obtained from several different analytical ser
vice companies as mentioned in the acknowledgements se
tion. Further details of these methods will be reported else
where [18].

RESULTS AND DISCUSSION

HPPMS Carbon Plasma Characteristics
The HPPMS discharge for carbon using the 6-inch cathod
was operated with a duty cycle of 1.4% at a frequency of 14
Hz. HPPMS of carbon in an Ar atmosphere with peak powe
300 kW was conducted using an average power up to 5 kW
maximum. HPPMS discharge voltages of 700 V and current
up to 300 A were achieved with minimal arcing (< 10% of
pulses).

Figure 2 shows the carbon plasma characteristics durin
HPPMS as a function of time for several power supply
capacitor charging voltages. Pulses, 175 µs of total duration,
have a FWHM of 100 µs. Figures 2 a-d show the oscilloscope
traces for the plasma voltage, current, power, and impedanc
respectively. The voltage (Figure 2a) was always initially
high and oscillated during the first 50 µs, which helps to ignite
the plasma. The plasma current oscillated in synchronizatio
with the voltage, but at lower values compared to the pea
current achieved during the pulse. During the ignition period
the plasma impedance (Figure 2d) varied dramatically (up t
50 Ω) and was quite high compared to stable values of 3-5 Ω
from 50-150 µs. As the plasma decays to zero power at the en
of the pulse, the impedance monotonically increases sinc
the plasma current is dropping much more rapidly than the
voltage.
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Figure 2:  HPPMS carbon plasma characteristics.

The oscillations in the plasma properties shown in Figure
qualitatively depend upon the magnetic field and shieldi
used in the magnetron. Using different cathodes implies 
differences in cooling, peak power, and required shieldin
Strong and weak magnetic fields greatly influence HPPM
cathode operation. Shield volume is critical due to changi
cathode sheath at different power densities.

More insight regarding the nature of the high power puls
plasma can be obtained by examining the discharge curr
voltage characteristics. Figure 3 shows the discharge volt
vs. current density for several different magnetrons usi
either aluminum or carbon targets. The I-U data for each c
is fit to the power law I = kUn [19, 20] which is characteristic
for DC magnetrons. The comparison between carbon a
aluminum is useful since there are differences in both t
sputter yield and ionization cross section between alumin
and carbon. Data for Al is shown for different size cathode
and DC vs. HPPMS. For the Al plasma operating in a D
mode, n = 8.3, which is quite characteristic of DC plasma. F
the Al plasma in a pulsed mode, the slope of the power law
showed different n values depending upon the size of 
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cathode. For Al using the 2.5-inch cathode under pulse
operation, n = 2.2. However, for Al using the 6-inch cathode
n remained at 8.1 even for pulsed operation. The plasma I-
characteristics for carbon using a 6-inch cathode under pulse
operation showed n-values identical to Al.

Figure 3:  Discharge voltage vs. current comparison.
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Ehiasarian et al. [2] reported that the exponent changes
during high power pulsed sputtering using Cr cathodes, a
similar result was reported when using a small W target [2
A possible interpretation of lowering the n value is tha
transition to a fully ionized plasma occurs. The sputte
atoms become increasingly ionized, enhancing their contr
tion to the plasma density. The observations for 6-inch cir
lar magnetron configurations for both C and Al shown 
Figure 3 indicate conventional magnetron behavior ev
when the plasma is pulsed. A proposed model for predic
the self-sputter-rate [21] indicates low sputter yields for C a
Al at the plasma voltages observed. It is not fully understo
at this time why there are differences between magne
cathode sizes. Obviously, one has to consider current 
power densities, rather than absolute values, but diffe
magnetic field strengths may also play a key role. A hig
magnetic field strength can produce and maintain a hig
plasma density, with consequences for the longitudinal 
perpendicular conductivity, hence power dissipation. Due
the three-dimensional nature of the field structure, th
effects are difficult to model and may sensitively depend
the balancing of the magnetic field.

Figure 4 shows optical emission spectra from DC and pul
magnetron discharges using 6-inch carbon targets. For r
lated DC power operation at 1 kW, strong emission from
I (neutral) and Ar II (singly charged ion) completely domina
the spectrum. For DC operation, carbon line emission can
be distinguished from the background noise. The lower sp
trum in Figure 4 is obtained through pulsed operation an
time integrated during the pulse. For approximately the sa
average power, the spectrum shows that the ionization de
of the plasma formed by pulsing the carbon target is high
Note that C II (singly charged carbon ions) lines can 
identified, but at very low intensity. Qualitatively, there a
more ions (both Ar+ and C+) for pulsed operation compared t
DC operation. The low sputtering yield of carbon and re
tively high excitation and ionization energies are likely to 
the main causes for the absence or low intensity of car
emission lines.

Using the 6-inch circular magnetron, the measurements w
the gridded quartz crystal monitor (QCM) indicate an ion
neutral ratio of 4.5% ± 0.5% for carbon and 9.5% ± 0.5% for
aluminum. The values are much lower than what has b
reported for other HPPMS experiments. However, these 
ratios are consistent with the HPPMS plasma discharge c
acteristics, which appeared to be similar to conventio
magnetrons, as shown in Figure 3 and previously discus
One interpretation is that when using a 6-inch target for th
materials, the current and power density is not yet high eno
to enter the region of fully ionized plasma. Furthermo
carbon and aluminum are light elements, which typically ha
low self-sputtering yields. Therefore the concentration 
sputtered atoms in the plasma is low. Yet another argume
to 1
d a
1].
 a
ed
bu-
cu-
in
en
ing
nd
od
ron
and
ent
er

her
nd
 to
se
on

sed
gu-

Ar
te
not
ec-
 is
me
gree
er.
be
re
o
la-
be
bon

ith
 to

een
low
har-
nal
sed.
ese
ugh
e,
ve
of
nt is

that light elements such as carbon have a relatively h
ionization potential and, thus, they cannot be as easily ioni
as for example Cr or W as reported in the literature [2, 21]. O
can anticipate that optimized magnetic fields, target mate
and shape, and shielding will influence the control of t
HPPMS carbon discharge, though it is open at this ti
whether a HPPMS regime of ionized carbon can be obtain

a.

b.

Figure 4:  Carbon plasma emission spectra for (a) DC ope
tion and (b) HPPMS operation.

HPPMS Carbon Film Characterization
Table 1 shows the carbon film density and roughness de
mined by x-ray reflectivity measurements. These film prop
ties are determined from the critical angle and fringe intens
Both NiP / Al and Si wafer substrates were used. The mo
161



Table 1:  Carbon film properties.

Sample ID Layer Description Thickness (nm) Roughness (nm) Density (g/cm3)

DC Carbon on NiP/Al Ni Substrate —- 0.8 ± 0.02 7.83 ± 0.02
disk

carbon Film 32.2 ± 0.4 1.4 ± 0.03 2.04 ± 0.08

HPPMS carbon on NiP/Al Ni Substrate —- 4.8±0.2 7.83 ± 0.02
disk

Carbon film 25.1 ± 0.1 0.57 ± 0.08 2.67 ± 0.06

Carbon contamination 2.3 ± 0.2 0.79 ± 0.13 1.43 ± 0.10

HPPMS carbon on Si Si Substrate —- 0.0 ± 0.5 2.33 ± 0.07
wafer

SiO
2
 Film 1.5 ± 1.3 0.001 ± 0.1 2.27 ± 0.05

Carbon film 26.0 ± 0.1 0.27 ± 0.03 2.73 ± 0.05
S
g

d
 a

e

g

for the reflectivity includes fixing the density of the substra
to match the large intensity observed above the critical an
For HPPMS carbon the film density is significantly highe
than the DC deposition case (2.7 g/cm3 vs. 2.0 g/cm3). In
addition, the roughness of the HPPMS carbon is lower th
that for the carbon film deposited using DC regulated pow
For the HPPMS carbon, a carbon contamination layer du
atmosphere exposure is added to the model. This is 
necessary for DC carbon and may be due to the lower f
density and its closeness to the adventitious layer.

Film stress (compressive) was measured for films having
properties in Table 1. The properties are briefly summariz
here. The stress is 0.2 GPa for DC-sputtered carbon fi
compared to 6.0 - 7.0 GPa for HPPMS-carbon. The aver
composition of the HPPMS carbon is: C - 84.8% ; O - 10.0
Ar - 3.0%; and H - 2.2%, using XPS for measuring C, O, a
Ar, and hydrogen forward scattering for hydrogen. The
content of the film could be due to water absorption a
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reaction due to exposure to the atmosphere. The average RM
roughness for HPPMS carbon on Si wafer substrates usin
AFM is 0.30 nm, which agrees well with the XRR roughness.

Table 2 shows the results of characterization for HPPMS an
DC carbon based on stress and Raman spectroscopy as
function of increasing sample bias. Both the stress and I

d
/I

g

peak ratio increase for increasing bias. Also indicated in Table
2 is the sp3 content based on I

d
/I

g
 estimated following Robertson

[22, 23]. For HPPMS carbon films, an increase in the substrat
bias leads to higher stress and lower sp3 content carbon. The
observation of high stress and low sp3 content is quite surpris-
ing. Acceleration of ionized carbon to the substrate can
produce hard, dense, and highly stressed overcoats resultin
from high concentrations of tetrahedral and high sp3 content.
Note that for carbon films, high ion energy (> 200 eV) has
been reported to reduce both stress and sp3 content [24, 25].
ndFigure 5 shows AFM images (10-µm x 10-µm scan area,
50-nm height) for HPPMS carbon films. Figure 5a shows the

Table 2:  Stress and Raman characterization of carbon films.

Condition Stress (GPa) I
d
/I

g
sp3 fraction

HPPMS
Bias = -175 V

Current = 0.8 mA 6.5 1.947 0.20 – 0.25

HPPMS
Bias = -175 V

Current = 0.8 mA 5.7 1.458 0.30 – 0.35

HPPMS
Bias = -125 V

Current = 0.8 mA 4.7 1.200 0.35 – 0.40

HPPMS
Bias = -125 V

Current = 0.2 mA 3.6 0.708 0.40 – 0.45

DC
Bias = -100 V 1.6 1.080 0.35 – 0.40
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image of a thin film (5-nm thick) and Figure 5b is the imag
of a thick film (150-nm film). There is a striking difference in
the film morphology for the two different thicknesses. Th
thick film contains a high density of features (0.1-0.2 µm)
which protrude from the surface. These features are a
present on the thin film, but are much less abundant. Althou
not shown, these features increase in density for films betw
5- and 150-nm thickness.

a.

b.

Figure 5:  AFM top-view images for 5-nm and 150-nm thic
films.
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The mechanism leading to the features present in Figure 
unclear at the present time. It is tempting to believe that t
abundant features on the HPPMS carbon surfaces are du
macroparticles produced by the short (though terminated
suppressed) arcs. Figure 6 shows the AFM image (10-µm x
10-µm scan area, 50-nm height) of a “crack” on a 35- nm-thic
film. Again, the protruding surface features are observe
However, the features appear to decorate a crack. There i
obvious reason why macroparticles should decorate a cra
or what even appears to be a crack. It is conceivable that
see two different things that have similar appearance: 
macroparticles, produced at cathode spots and 2) grow
defects, produced on the surface by stress relief. An argum
for 1) is the size distribution: it is known that smaller particle
are more frequent than larger ones, with an approxima
exponential law. An argument for 2) is that such alignment 
“particles” cannot occur by randomly arriving particles. Ther
are other interpretations for the defects other tha
macroparticles. Although not shown, we have observed fe
tures which look like “holes” in the center of some thes
surface features. Another possible hypothesis is that na
argon bubbles form close under the surface, causing 
creation of “roughness” that looks particle-like when th
bubbles burst and argon is released back to above the subs
surface. There may be several “real” explanations, includi
that the structure is not amorphous but nano-crystalline, a
the shapes follow nano-grain boundaries.

Figure 6:  AFM image of decorated crack on HPPMS carb
film (35 nm thick).
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Nano-indentation was also conducted on several films 
were 150-nm thick. The results for HPPMS carbon (bia
175 V, stress ~ 5.5 GPa) show hardness and modulus o
GPa and 61.1 GPa, respectively. The measured hard
should be considered low based on film stress for carbon f
[23, 24]. Film thickness was 150 nm to insure that subst
effects do not influence these values. However, the 
hardness and stress is most likely due to the surface mor
ogy described previously.

CONCLUSIONS

High carbon film density (2.7 g/cm3) was achieved which is
most likely due to high Ar ion content of high powered puls
plasma and atomic peening during the deposition. The HPP
carbon film is graphite-like with sp3 fraction estimated to be
0.20 – 0.30. The hardness was found to be only about ~ 7 
compared to 25 GPa for PECVD films. This surprisingly lo
hardness value may be due to the unique film morpholog
thick films, and may not apply to the thin films, which are
interest to data storage applications.

It was shown that high-density carbon can be produced
HPPMS. Emission spectroscopy indicates a greatly enha
degree of ionization of the sputtering plasma, although
ionization of carbon appears to be low. Therefore, it is lik
that atomic peening by argon ions is largely responsible
carbon film densification. To some degree, carbon ions in
plasma may also contribute to the increase in film dens
Although the HPPMS carbon films are characterized by h
density and high stress, in terms of bonds they may be b
described as graphite-like rather than diamond-like. T
combination of properties might offer good corrosion res
tance and good lubricity for data storage applications. Th
is still a great need for better understanding of the mechan
of film formation. We believe that HPPMS is a new front
in thin film coating technology. HPPMS may offer a ne
technique to produce and control film growth, leading
structure and properties of coatings that can be used
example, in the data storage industry.
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