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ABSTRACT 
 
Wear-protective coatings are used in computer disk drives, 
cutting tools and other tribological applications.  Each ap-
plication has different property objectives for the protective 
coating.  Therefore, one must tailor-design such coatings for 
individual applications.   
This paper presents two examples to illustrate the science 
and technology involved in the development of these wear-
protective coatings.  The first example is the development of 
TiN/SiNx multilayer coatings for high temperature and roll-
ing contact fatigue applications.   
Using dual-cathode reactive sputtering, we were able to 
obtain TiN/SiNx multilayer coatings with an equiaxed grain 
structure (rather than the usual columnar structure), which 
is crucial in improving rolling contact fatigue lives.  More 
important, by optimizing the individual layer thickness in 
this system, we provide strong evidence that the multilayer 
structure is preserved up to 1000°C. This suggests that these 
coatings may be useful for high-temperature applications.  
The second example is the development of ultrathin protec-
tive overcoats for hard disks with extremely high storage 
density.  The objective is to develop 2 nm thick overcoats, 
which must provide both wear and corrosion protection.  In 
this case, this requires the coating to be atomically smooth 
and pinhole-free and at the same time to be compatible with 
the lubricant used in this application. 
 It is shown that nitrogenated carbon (CNx), when deposited 
under optimal pulsed dc conditions, can satisfy all these 
requirements down to 1- 2 nm. 
 
1. INTRODUCTION 
 
Wear-protective coatings are used in various tribological 
applications such as gears, bearings, seals, cutting tools and 
computer disk drives.  Depending on each specific applica-
tion, the requirements are different.   
By definition, one requires the coating to be adherent, tough 
and wear-resistant.  In many applications, one prefers the 
coating to be smooth, to be deposited at relatively low tem-
peratures and to be compatible with materials in contact.  
Many coating-deposition techniques are available that sat-
isfy the above requirements, including chemical vapor depo-
sition, thermal/plasma spraying, sputtering and cathodic arc 
methods.  
Each technique has its own strengths and weaknesses.  Coat-
ings reported in this paper were deposited by magnetron 
sputtering. 
 

2. MAGNETRON SPUTTERING 
 
In magnetron sputtering, one places a target in a vacuum 
chamber, which is backfilled with a process gas such as ar-
gon.  A negative high voltage is then applied to the target, 
which is mounted in front of a system of magnets.  This re-
sults in the generation of an intense plasma.  Positive ions in 
the plasma accelerate towards the target, sputter atoms from 
the target and deposit them onto the substrate.  In reactive 
sputtering, the process gas contains a reactive component 
that reacts with target atoms to form the material of interest.  
In this technique, one has control over a large number of 
process parameters, viz. target power, total pressure, partial 
pressure of the reactive component, substrate temperature 
and bias.  In some cases, one can synthesize multilayer coat-
ings by having additional targets.  When properly synthe-
sized, multilayer coatings have been known to have proper-
ties that are better than expected from the rule of mixtures.  
This wide range of control gives magnetron sputtering an 
enormous advantage in coating synthesis and therefore in 
synthesizing coatings for a wide range of applications. 
In this paper, we will present two examples to demonstrate 
how one optimizes deposition conditions to produce protec-
tive coatings with enhanced properties.  The first example 
deals with the synthesis of TiN/SiNx multilayer coatings for 
bearing and high-temperature tribological applications.  The 
second example is the synthesis of CNx coatings for use as 
protective overcoats in computer disk drives. 

 
3. TIN/SINX MULTILAYER COATINGS WITH IM-
PROVED FATIGUE LIFE AND THERMAL STABILITY 
 
3.1 Why TIN/SINX Multilayers? 
 
Titanium nitride (TiN) has been widely used in protective 
coatings for bearings, gears, and cutting tools due to its good 
wear resistance, excellent thermal expansion match and in-
ertness to steels.  However, TiN coatings predominantly 
grow with a columnar grain structure.  These columnar grain 
boundaries become the sites for crack initiation, resulting in 
premature failure of TiN coatings [1,2].  Therefore, the co-
lumnar structure of TiN coatings should be eliminated. 
Maintaining a fine equiaxed microstructure throughout the 
coating thickness is hence highly desirable and should sig-
nificantly enhance its tribological performance.  To accom-
plish this, we  periodically interrupt TiN growth with 
nanolayers of a different material (SiNx) to force TiN to 
renucleate [3], thus producing TiN/SiNx multilayer coatings.  
In addition to suppressing columnar growth, these multi-
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layer coatings offer an additional advantage over traditional 
coatings.  There is ample evidence from the literature dem-
onstrating that with proper choice of components, the hard-
ness of a multilayer coating can be enhanced over the aver-
age of the two components [4-8].    
We chose SiNx for two reasons.  First, SiNx has an amor-
phous structure stable up to 1100oC [9].  Because of this 
amorphous structure, TiN is forced to renucleate each time a 
thin SiNx layer is deposited.  Second, Veprek et al. [10] 
showed that a nanocomposite coating made of a mixture of 
nanocrystall ine TiN and amorphous Si3N4 attains hardness ≥ 
50 GPa and is resistant against oxidation in air up to 800oC.  
Veprek et al. [10] attributed this high hardness to the small 
crystall ine size (which suppresses dislocation motion and 
multipli cation) and amorphous Si3N4 boundaries (which pin 
dislocations).  Their studies showed that the Si content and 
TiN crystalline size must be controlled precisely to obtain 
the high hardness.  Our multilayer approach is a better tech-
nique to grow TiN/SiNx coatings with better control of the 
crystallit e size.   

 
3.2 EXPERIMENTAL DETAILS 
 
TiN/SiNx multilayer coatings were deposited in a dual-
cathode unbalanced reactive magnetron sputtering system 
using standard 2-inch titanium and silicon targets (both 
99.95% purity).  An argon-25 % nitrogen mixture at a total 
pressure of 3 mTorr was used.  Si (100) wafers and M2 
steels were used as substrates.  A TiN buffer layer of 80 nm 
was laid down without substrate bias prior to TiN/SiNx coat-
ing deposition. No deliberate substrate heating was applied. 
The coating thickness was set at 0.35 µm.  To minimize 
charging, we applied pulsed bias voltages to the Si target (2 
kHz) and the substrate (20 kHz) during deposition.  The 
duty cycle was typicall y 80%, with the positi ve bias set at 
10% the absolute value of the negative bias. 
The coating thickness and substrate curvature were meas-
ured using the Tencor profilometer, from which one calcu-
lates the internal stress via the Stoney equation [11]. All 
stresses measured were compressive.  The structure was 
investigated by x-ray diffraction (XRD) using the Cu Kα 
radiation at 0.154 nm.  The root-mean-square (RMS) rough-
ness was obtained by atomic force microscopy (AFM) over 
sampling areas of 1 µm × 1 µm to 10 µm × 10 µm.  The 
Hysitron nanoindentor was used to measure the hardness of 
these coatings as a function of indentation depth.  This is to 
ensure that the hardness data we presented are not influ-
enced by the substrate.  Generall y, this means that the inden-
tation depth should not exceed 10 – 15 % of the coating 
thickness.  

 
3.3 RESULTS AND DISCUSSION 
 
Fig. 1 shows a cross-sectional TEM picture of a TiN/SiNx 
multilayer coating deposited at a substrate bias of –90V, 
with 2.0 nm TiN and 0.5 nm SiNx layer thickness.   Note the 
columnar structure of the TiN buffer layer and its disappear-
ance within the TiN/SiNx multilayer coating.  This clearly 
demonstrates the effectiveness of our approach in suppress-
ing columnar growth. 

  
Fig. 1.  Cross-sectional TEM micrograph of TiN/SiNx coat-
ing with TiN = 2.0 nm, SiNx = 0.5 nm, substrate bias = 
−90V. The buffer layer is TiN.   

 
Fig. 2 shows the variation of hardness versus the SiNx layer 
thickness (TiN layer kept constant at 2.0 nm).  The hardness 
of pure TiN is about 25 GPa and that of pure SiNx is about 
16 GPa.  The multilayer coatings have hardness well above 
the average.  At an SiNx layer thickness of 0.5 nm, one at-
tains a maximum hardness of about 45 GPa, about twice the 
value based on the rule of mixtures.  The hardness im-
provement of multi layer coatings over their pure compo-
nents has been observed in many systems. 
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Fig. 2.  Hardness of TiN/SiNx multilayer coatings versus 
SiNx layer thickness, with TiN layer thickness = 2.0 nm and 
substrate bias = − 90V. 

 
We have further shown that these multilayer coatings are 
smoother, have lower coefficient of friction (under dry slid-
ing against steels) and lower internal stress than their indi-
vidual components.  Under similar sliding conditions, 
TiN/SiNx multilayer coatings have wear rates about three to 
four times lower than the best TiN coatings.  We have also 
applied these same coatings to bearings and subjected them 
under high-speed high-stress contact fatigue testing.  These 
multilayer coatings achieve fatigue li fe at least eight times 
better than TiN under identical testing conditions (Fig. 3). 
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Fig. 3.  Fatigue life of roll ing contact fatigue test rods coated 
with TiN/SiNx coatings and uncoated rods as a function of 
coating thickness.  TiN layer thickness = 2.5 nm, SiNx layer 
thickness = 0.5 nm. The arrow for the 0.75 micron thick 
TiN/SiNx coating implies that the coating has not failed.  
Fatigue li fe data for rods coated with pure TiN coatings ob-
tained by Polonsky et al. [2] using the same machine are 
also plotted for comparison. 
 
The improved wear and fatigue li fe performance of 
TiN/SiNx over pure TiN can be attributed to at least four 
reasons. First, because of the nanoscale crystallit e size, it is 
diff icult to nucleate dislocations in these coatings.  Second, 
on the atomic scale, interfaces acts as obstacles to disloca-
tion motion across layers.  On the micron scale, interfaces 
cause crack deflection.  Third, because of their lower intrin-
sic stress, the multilayer coatings are more resistant against 
adhesive failure (delamination).  Finally, because of their 
equiaxed microstructure, the flaw size of TiN/ SiNx multi-
layer coatings is generall y in the nanometer range, compared 
with ~ 10-50 nm for columnar TiN coatings.  Therefore, the 
stress intensity factor (proportional to the square root of the 
flaw size) is substantially smaller in multilayer coatings. 
 
4. APPLICATION OF CNX AS PROTECTIVE OVER-
COATS IN COMPUTER DISK DRIVES 
 
4.1 Protective Overcoats 
 
The computer hard-drive industry is currently developing 
the necessary technologies to achieve an areal storage den-
sity of 100 Gbits/inch2.  In order to achieve such a density, a 
total magnetic spacing (distance between the pole piece of 
the read-write head and the top of the magnetic media layer) 
of only 10 nm is allowed.  Within this spacing budget, the 
hard-disk overcoat thickness must be 2.0 nm or less.  At this 
thickness, having an atomically smooth coating with low 
defect density is as crucial as the tribological performance of 
the coating.   
A well -establi shed method to reduce the defect density in 
films is low-energy ion bombardment during deposition 
[12]. One possible candidate material for these ultrathin 
overcoats is nitrogenated carbon, hereafter referred as CNx.  
These CNx films have many desirable properties. They have 
excellent tribological performance [13-16], can be grown 
with subnanometer surface roughness and are compatible 

with existing lubricants and manufacturing technologies.  In 
this paper, we report on the synthesis and corrosion per-
formance of ultrathin CNx films grown by magnetron sput-
tering.  

 
4.2 Experimental Detail s 
 
CNx films were grown using dc magnetron sputtering in a 
single cathode deposition chamber at room temperature. The 
base pressure of the chamber was < 1×10-5 Pa.   
Graphite (purity 99.995%) was used as the target material 
(5-cm diameter disk), and an Ar-5% N2 mixture was chosen 
as the process gas. During deposition, the total pressure was 
kept at 0.5 Pa, and the target power was fixed at 200 watts.  
The films were grown on polished sili con (001) and 80 nm-
permalloy-coated sili con substrates, the latter for corrosion 
tests. Prior to deposition, substrates were cleaned in situ by 
reverse-sputter etching in an argon plasma at 8 Pa with 
−500V bias.  
The total CNx film thickness was varied between 0.5 nm and 
30 nm.  In order to enhance ion bombardment of the grow-
ing film, a negative bias was applied to the substrate during 
growth.  This bias was varied between 50 and 300V.  During 
the initial runs, the substrate polarity was switched between 
the set negative bias and +50V using a low-frequency 
(200Hz) pulse generator.   
For subsequent runs, high-frequency pulse generators were 
connected to both the target and the substrate power sup-
plies.  These pulse generators switch the polarity of the tar-
get and the substrate at a fixed frequency of 20 and 2 kHz 
respectively.  In this case, the voltage applied in the positi ve 
cycle is set at 10 % of that applied in the negative cycle. 
Corrosion tests were carried out to evaluate the defect den-
sity of these ultrathin films.  In this test, films grown on 
permalloy-coated sili con substrates were dipped into a buff-
ered 0.5 M NaCl solution for 24 hrs at room temperature. 
The samples were then taken out of the solution, rinsed in 
deionized water and dried with dry nitrogen.   
They were then examined under an optical microscope at 
100 times magnification for corrosion damage, which is 
usually in the form of spots.  The number of spots in a 0.77 
mm2 (equivalent to 3″ × 4″ after 100× magnification) area 
was counted and used as a measure of the corrosion per-
formance of the overcoat. 

 
4.3  Results and Discussion 
 
Fig. 4 shows the effect of film thickness on the corrosion 
spot density in the films.  In this plot, the shaded region 
represents the maximum acceptable corrosion damage for 
protective overcoats used in today’s hard drives.  
Without substrate bias, the corrosion performance of CNx 
films was not acceptable below a thickness of 10 nm (data 
not shown). Application of a low-frequency bias to the sub-
strate improves the corrosion resistance; however, the corro-
sion performance at thickness less than 4 nm is still unac-
ceptable.   
With higher frequency bias applied to both the target and the 
substrate, the corrosion performance of CNx films is accept-
able down to a thickness ~1.0 nm.  
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Fig. 4.  Variation of the corrosion spot density with CNx 
film thickness. ( � ������� -frequency (200Hz) pulse bias on the 
substrate only and ( � 	�
���������������������! �#"$&%' )(�*��+%� )$-,.

kHz pulse bias on substrate. The shaded region represents 
the maximum acceptable corrosion damage of an overcoat 
used in today’s hard-drives. 

 
Fig. 5 shows two micrographs, one from a ~1.0 nm CNx 
coated permalloy/Si substrate and the other from an un-
coated permalloy/Si substrate after corrosion testing. It can 
be seen that severe corrosion damage has occurred on the 
surface of the bare permalloy/Si substrate.  
These results indicate that low-energy ion bombardment of 
the growing film has a significant effect on film properties.  
Bombardment of the substrate surface by low-energy ions 
increases the mobilit y of surface species, which in turn im-
proves surface roughness, increases film density and reduces 
the number of pinhole defects [17-19].  Obviously, one 
would not realize these beneficial effects if the ion bom-
bardment energy were too low or too high.  We have ex-
perimented with a range of energies.  It appears that ion 
bombardment at 100-200 eV in our deposition system pro-
duces the best results.  
Additionally, process parameters were adjusted such that the 
mean free path of impinging ions (primarily Ar+) was 
greater than the anode dark space width.  The dark space is 
the region above the substrate surface where there is little or 
no ionization. This is the region where the impinging ions 
“see” the negative potential on the substrate and accelerate 
toward it. In our studies, the pressure and other operating 
conditions were chosen such that the dark space width was ~ 
2 mm, whereas the mean free path of the ions was ~ 15 mm 
(>> dark space width).  This resulted in approximate 
monoenergetic ion bombardment of the growing film. 
Depending on the nitrogen content, CNx films can have 
relatively high electrical resistivity [14].  During reactive 
sputtering, CNx forms not only on the substrate, but also on 
some parts of the graphite target.  It is therefore possible that 
local charging may occur on the substrate and the target.  
Such local charging can result in variable ion bombardment 
energy and arcing.  The former results in less than optimum 

film properties, while the latter may produce macroparticles.   
The pulsed dc bias to the substrate and the target minimizes 
these problems.  The negative cycle functions in the usual 
way (ion bombardment), while the positi ve cycle draws low-
energy electrons from the plasma to neutralize the surface 
charge. Note that a side benefit of pulsed dc power is en-
hanced plasma ionization at some optimum pulse frequency 
(~10 kHz). This enhancement is primarily a result of the 
different time constants in the generation and loss of ions in 
the magnetron plasma [20,21]. Under these optimal condi-
tions, the RMS roughness of 50 nm thick CNx films grown 
on polished sili con substrates (RMS roughness = 0.07 nm) 
was measured to be less than ~0.09 nm using atomic force 
microscopy (1.0µ × 1.0µ). 

 

 
 

Fig. 5.  Optical micrographs of uncoated permalloy/Si sub-
strate (left) 1 nm CNx coated permalloy/Si sample taken 
after corrosion testing. The spots are due to corrosion dam-
age. Image contrast has been inverted for clarity. 
  
5. CONCLUSIONS 
 
In this paper, we demonstrate the use of SiNx to interrupt 
TiN growth to produce equiaxed TiN/SiNx multilayer coat-
ings.  These coatings are twice as hard as pure TiN coatings, 
are significantly smoother and have lower internal compres-
sive stresses than columnar TiN coatings.  Under optimum 
conditions, these TiN/SiNx multilayer coatings have tri-
bological properties (sliding and roll ing) much improved 
over TiN.   
To obtain functional overcoats for extremely high-density 
recording, one needs to obtain smooth and pinhole-free ul-
trathin overcoats.  We show that these properties can be sat-
isfied by CNx films deposited using magnetron sputtering of 
graphite in argon/nitrogen, provided that (i) appropriate 
pulsed dc voltages are applied to the target and the substrate, 
and (ii) the dark space width is much less than the mean free 
path of impinging ions.  Acceptable corrosion performance 
can be obtained by CNx down to a thickness of 1 nm. 
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