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Abstract

Diamond-like carbon(DLC) mainly consists of sp bonded carbon atoms. It can have properties that rival those of crystalline3

diamond. Its beneficial properties stem from the continuous rigid random networks of sp carbon atoms, and the properties can3

essentially be tailored by the spysp ratio. DLC coatings or thin films can be prepared by pulsed laser ablation(PLA), filtered3 2

cathodic vacuum arc(FCVA) deposition and mass selected ion beam(MSIB) deposition. In the past decade, tremendous progress
has been made in experimental and theoretical investigations of hydrogen-free DLC. Experimental and commercial applications
in microelectronics, micro-tribology, biomedical technologies, etc., have been demonstrated. Potential applications include sensors,
flat panel displays(field emitters), photodiode, etc. In this paper, we report comprehensively the past and recent efforts in the
research of functional diamond-like carbon coatings prepared by pulsed laser ablation in our group. In order to alleviate the
internal compressive stress problem associated with high quality DLC coatings, we have adopted a novel and simple target design.
The films were characterized by Raman spectroscopy, transmission electron microscopy, IR range optical measurements, tribological
measurement, etc.� 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The range of different forms of carbon, such as
crystalline diamond, graphite, fullerenes, nanotubes, and
amorphous carbon, etc., has made carbon one of the
most fascinating elements in naturew1x. The great variety
of structures and the unique properties of carbon are a
result of its capability of forming various bonding states
w2x, e.g. tetrahedral(sp ), trigonal(sp ) and linear(sp )3 2 1

bonding. Diamond-like carbon(DLC) is an important
form of amorphous carbon consisting of a mixture of
sp and sp coordination. The beneficial properties of3 2

DLC are due to the sp constituents that make DLC3
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mechanically hard, infrared(IR) transparent, and chem-
ically inert w3x. High quality DLC coatings can rival
crystalline diamond in terms of mechanical performance
(the hardness of crystalline diamond is approx. 100 GPa,
its Young’s modulus being approx. 1000 GPa) w4x.
Furthermore, unlike polycrystalline diamond coatings
prepared by chemical vapor deposition(CVD) and other
techniques, DLC coatings are synthesized at much lower
temperatures and are extremely smooth. Because of their
advantageous properties, DLC coatings have found
applications as hard protective coatings for magnetic
disk drives, as antireflective coatings for IR windows,
as field emission source for emitters, etc.w5–7x.
It has been corroborated that ultraviolet(UV) pulsed

laser ablation(PLA) of a high purity graphite target is
able to produce high quality DLC films with a Tauc gap
of ;1.0–2.0 eV and an spysp ratio up to 80%w8–3 2

10x. The interesting aspect of PLA is that it is a non-
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equilibrium process and the species produced in the
laser plasma possess very high kinetic energy. For
example, the kinetic energy of atomic species produced
by electron beam evaporation is approximately;kT
(;0.025 eV at ambient temperature) (k is the Boltz-
mann constant andT is the absolute temperature) where-
as those produced by pulsed laser may be as high as
100–4000kT (;2.5–100 eV) w11,12x. More than one
target can be loaded into the target carousal in an
experiment, which enables one to tailor the chemical
composition of the deposited films quite well. Upon
optimization, PLA produces DLC coatings superior to
filtered cathodic vacuum arc(FCVA) deposition w13x
and mass selected ion beam(MSIB) depositionw14x.
Successful preparation and application of DLC films

have long suffered by a large internal compressive stress
as high as 10 GPaw13x in the films regardless of the
film growth technique employedw15–17x. Explanation
for the presence of this stress is based upon the sub-
plantation mechanism of DLC deposition. In this mech-
anism, incident energetic carbon species bombard the
existing DLC film and since usually it takes place at
room temperature where mobility of atoms is quite
limited, it will give rise to a large compressive stress
w15,18x. McKenzie et al.w19x even argued that a large
compressive stress is a prerequisite for the formation of
high quality DLC films. Adhesive failure of the coating
may occur when the internal stress exceeds a critical
value, which sets the upper limit on the coating
thickness.
Traditional approaches to obtaining DLC coatings

with reduced internal stress levels involve increasing
deposition temperatures or decreasing the energies of
carbon species arriving at the substrate surface, etc. All
these are achieved at the expense of reducing the spy3

sp ratio. Some efforts have also been directed toward2

improving the adhesion of DLC films by depositing an
interlayer or several interlayers between the DLC film
and the substratew20–22x. Recently, Friedmann et al.
w23x reported preparation of thick stress-free DLC films
(up to 1.2mm thick) with hardness near that of diamond
by PLD via a post-deposition annealing route. Ferrari et
al. w24x reported a study of the stress release and
structural changes caused by post-deposition annealing
of DLC on Si produced by FCVA deposition. The
advantage of thermal annealing is that pure DLC films
can be prepared. One of the disadvantages is that
throughput is largely decreased, and for microelectronic
applications the thermal budget may become a great
concern. Another apparently successful route to address
the internal compressive stress associated with DLC
coatings is by incorporation of more compliant atoms
into the coatingsw25–30x.
In this paper, we present our studies on the structure

and properties of functional DLC coatings prepared by
PLA. To address the internal stress issue, we have

adopted a modified target configuration so as to in situ
incorporate foreign atoms into the DLC coatings during
PLA. To further enhance the adhesion and increase
coating thickness, we apply functionally graded design
by manipulating the content of the foreign elements as
a function of the distance from the DLCysubstrate
interface. This allows us to process DLC coatings as
thick as 1.5mm with strong adhesion to the substrate.
Visible Raman spectroscopy, X-ray photon spectroscopy
(XPS), Rutherford backscattering spectrometry(RBS),
transmission electron microscopy(TEM) and radial
distribution function(RDF) analysis, and optical micros-
copy were used to acquire structural information on the
deposited coatings. The tribological behavior of the
coated specimens was assessed by wear test and quali-
tative scratch test(for adhesion assessment) and depth
sensing nanoindentation. Physical properties such as
electric conduction, temperature-conduction behavior,
and light effect on the conduction, as well as IR range
optical properties, etc., are also reported. The results
were interpreted based on a preliminary model.

2. Experimental procedure

2.1. Materials and pulsed laser ablation

The target configuration was described elsewhere
w27x. Briefly, the graphite target was partly covered by
a dopant piece. During PLA, the target was spinning
and the focused laser beam impinges sequentially on
graphite and the dopant portions to ablate the target
materials to form a composite film. In order to apply
the functionally graded design, four targets were loaded
into the target carousal, one of which is pure graphite
and the other three were partly covered by different size
of dopant pieces. The p-type silicon(100) wafers were
used as substrates, which were cleaned by a standard
method to remove the native oxide layer before loading
into the laser deposition chamber. Copper, silver, titani-
um and silicon were chosen as dopants, because a
copper interlayer between the substrate and a DLC film
has been demonstrated to improve the adhesion of the
film. Ti is a strong carbide former, and Si is carbide
former with covalent(sp ) bonding similar to diamond.3

The laser source used was pulsed KrF excimer laser
(l s248 nm, duration time at half-maximumt s25s s

ns) at a repetition rate of 10 Hz, which gives an energy
density close to 3.0 Jycm . All the depositions were2

conducted at room temperature. The deposition chamber
was evacuated to a base vacuum of approximately
1=10 torr by a turbo molecular pump with a mechan-y7

ical pump.

2.2. Characterization of the DLC coatings

The thickness of the coatings was measured by a
profilometer. The surface morphology of the films was
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Fig. 1. Raman spectra of a pure DLC coating, and those containing
copper, titanium and silicon.

investigated using optical microscopy. Raman spectra
were collected using a 514.7-nm laser beam and were
decomposed into two Gaussians to study the peak shift
so as to get information on the bonding characteristics
and the internal stress reduction. Both RBS and XPS
were used for chemical composition determination. The
microstructure and atomic structure were studied using
TEM. RDF analyses were performed to acquire infor-
mation of short-range order of the DLC coatings.
Qualitative scratch tests were conducted on the spec-

imens to study the adhesion of the DLC coatings to the
substrate. The scratches were made under a constant
normal load, and were observed and compared via
optical microscopy. A ‘crater grinding’ method based
upon micro-abrasion was used to measure the wear
resistance of the samples. Depth-sensing nanoindentation
measurements were performed for the elastic modulus
and nanohardness of the DLC coatings.
Room temperature emissitivity was measured to study

the IR range optical behavior of the DLC coatings using
a Benchtop spectral emissometer that can acquire radi-
ance, reflectance, and transmittance simultaneously. The
I–V characteristics and the influence of light on the
conduction of several films were analyzed. The low
temperature resistivity as a function of cryogenic tem-
perature was recorded to investigate the transport behav-
ior of the samples.

3. Results and discussion

3.1. Surface condition and microstructure of the DLC
coatings

Profilometry on the single-layer doped and undoped
DLC coatings deposited for 40 min showed consistently
that the coating thickness is in the range of 400–600
nm. RBS results as well as XPS analyses both showed
that the atomic fraction of the dopants is less than 5%
for most DLC coatings. Particularly for metals such as
Cu and Ag, the atomic fraction is smaller than 3%w25x.
Composition of the DLC coatings can be changed
through changing either the position of the laser beam
on the target or the size of the metal piece. This will
change the perimeter of the circle made by the laser
beam on the target surface and the fraction of ablated
metal in the circle is therefore changed.
Observation of the surface morphology of the doped

DLC coatings showed that Cu and Ag give much less
particulate density than Ti and Si dow25x. The geometry
and size of the particulates suggest that they were
formed out of condensed liquid droplets, typically found
in pulsed laser ablation of most materials. The surface
of pure DLC coatings has been found to be atomically
smooth via atomic force microscopyw12x.
Fig. 1 is the Raman spectra of pure DLC, DLC doped

with Ti, Cu and Si, respectively. These spectra are

typical of DLC films, with a broad peak centered
approximately 1510–1580 cm , which could be under-y1

stood based on the G-band of crystalline graphite, and
a shoulder part located at approximately 1350 cm ,y1

associated with the disorder-allowed zone edge mode of
poly-crystalline graphite(D-band). It appears that the
DLC film doped with Ti shows more asymmetry and
an increased D band in the Raman spectrum as compared
with other specimens. There is a general tendency in
Fig. 1 that all the peak positions of the G-band of the
doped samples have been shifted toward smaller wave
numbers. This shift was used to analyze the internal
stress reduction in the doped DLC coatingsw25x.
The effect of the dopants on the Raman spectra of

DLC coatings may be understood on the basis of the
electronic structure of the dopants themselves, and their
interaction with carbon atoms. For example, since thed
shell of copper is fully occupied and it has been
recognized that Cu has little chemical bonding with
carbon, it might be expected that Cu would not contrib-
ute much to changing the short-range environment of
the DLC either. The outer shell electronic structure of a
titanium atom is 3d 4s , and it might be envisaged that2 2

this shell configuration could contribute to the change
of short-range electronic structure of DLC and thus give
rise to the change in the Raman spectrum. XPS analyses
on these samples demonstrated that Cu has no bonding
with carbon, while Ti–C bonding and formation of
titanium carbide was detected in the DLC coating
containing Tiw25,27x.
RDF analysis enables us to obtain information of the

first and second coordination spheres, such as the dis-
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Fig. 2. RDF of pure DLC(a) and DLCq1.2 at.% Cu(b). For com-
parison, the first and second nearest-neighbor distances of diamond
are 1.544 and 2.512 A, and the ratio of the first to the second shell˚
coordination number is 3, while the first and second nearest-neighbor
distance of graphite are 1.42 and 2.45 A, respectively, and the ratio˚
of the first to the second shell coordination number is 2.

Fig. 3. Optical micrographs of scratches made on pure DLC(a),
DLCqCu (b), DLCqTi (c) and DLCqSi (d), showing different
adhesion properties of these coatings.

tance of the first and second nearest neighbors, and the
coordination numbers, etc.w31x. In the case of DLC,
since it has both four- and threefold coordination, the
first and second coordination spheres in the RDF should
have coordination numbers between those of graphite
w3,6x and those of diamondw4,12x.
Fig. 2a shows the RDF calculated from the electron

diffraction data of pure DLC. The first and second
nearest-neighbor distances as obtained from the RDF
analysis are 1.51 and 2.52 A, respectively. The ratio of˚
the second shell coordination number to the first shell
coordination number is approximately 2.75. Fig. 2b
shows the RDF for the DLC coating with 1.2 at.% Cu.
For this sample, the first and second nearest-neighbor
distances are 1.50 and 2.54 A, respectively, while the˚
ratio of the second shell coordination number to the first
shell coordination number is approximately 2.84. The
structural data imply that the presence of copper atoms
does not change the short-range environment
significantly.

3.2. Mechanical and tribological behavior of the DLC
coatings

It was found that all the doped DLC coatings stick
well to the substratew25x. On the other hand, in the

case of the pure DLC coating, severe buckling was
observed. Usually, buckling would not spread over the
whole surface but start from edges of the specimen. The
sinusoidal shape of the buckling pattern could be clearly
established, which indicates that it is due to the relief
of internal compressive stress in the coating. Also,
buckling is dependent on both the internal compressive
stress in the film and the stress at the film–substrate
interface. For DLC coatings, one of the critical variables
is the coating thickness since the stress level in the
coating itself scales with coating thickness.
It is noted that the buckling phenomenon is absent in

all the doped DLC coatingsw25,28x. It appears that the
most likely explanation is that the presence of dopants
can help reduce the internal compressive stress in the
DLC coatings. In order to have a better understanding
of how the presence of dopants enhances the adhesion
of the DLC coatings, we carried out qualitative scratch
tests on pure DLC and some doped DLC coatings. To
do this, we used a constant normal load of 10 g for all
the coatings and drew the indenter across the coatings.
Fig. 3 shows the scratches made on different DLC
coatings. In the case of pure DLC(Fig. 3a), the coating
is easily stripped off from the substrate, indicating poor
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Fig. 4. Wear test results for pure DLC, DLCqCu, and DLCqTi
coatings.

adhesion. This is consistent with the optical microscopy
studies of the buckling patterns of pure DLC coating
w25x. In all the doped DLC samples, the coatings adhere
well to the substrate(Fig. 3b–d). This is particularly
true for DLC films containing Ti(Fig. 3c) and Si(Fig.
3d).
Another important mechanical behavior for tribologi-

cal applications is wear resistance. In our study, we use
a ‘crater grinding method’ based on a micro-abrasion
mechanismw27x to acquire the wear resistance of the
DLC coatings. A nominal load of 5 g was applied to
create the craters. Fig. 4 shows the wear test results for
the pure DLC, DLCqCu, and DLCqTi coatings on
silicon. It is found from Fig. 4 that Achard’s laww32x
is satisfied for these specimens. Improvement of wear
resistance of the DLC coatings through incorporation of
metal is significant, especially during the initial stages
of the wear test. It is also observed that the effect of
titanium is stronger than that of copper. One possible
reason may be that titanium is a strong carbide former
and it produces relatively stronger bonding with carbon
in the coating, whereas Cu is a very weak carbide
former and it is doubtful whether it exists in carbide.
This is in accordance with our XPS studies as described
elsewherew25,27x.
The improvement of wear resistance by incorporating

foreign atoms into the DLC coatings is consistent with
the enhancement of adhesion of these coatings by
doping. It appears based on our discussions that this
improvement most probably results from reduction in
the internal compressive stresses.
We have measured the nanohardness(H) and Young’s

modulus(E) as a function of indentation depth, using a
depth-sensing nanoindentation technique. The values for
H and E for pure DLC are 240 and approximately 40
GPa, respectively, indicating good coating quality in
terms of nano-mechanical properties. In comparison to
the undoped DLC, bothE and H for the Cu and Ti
doped DLC coatings are slightly reduced. This slight
cost in hardness and elastic modulus has been compen-

sated for by the reduction of the internal compressive
stress, which in turn enhances the tribological perform-
ance of the coatings.
The reduction of internal compressive stress through

incorporation of dopants might be understood by invok-
ing the atomic structure of DLC. In the case of the
widely accepted continuous rigid random network
(CRN) model, the reduction of the internal compressive
stress through the in situ introduction of dopants can
then be explained on the basis of the effect of these
dopants on the CRN of DLC. Transition metals like Cu,
Ti and Ag are usually more compliant as compared to
covalently bonded materials like DLC. The substitution
of metal dopants for carbon atoms in the CRN may be
able to accommodate or take up the strain by distortion
of the electron density distribution since the outer shell
electrons of the transition metals are loosely bound to
the atom. The effect of Si can also be interpreted by the
same token. However, detailed theoretical modeling is
still needed to elucidate the underlying mechanism that
leads to the stress reduction. Also important is the
information of how the dopant atoms are distributed in
the CRN of DLC.

3.3. Electrical and IR range optical properties of the
DLC coatings

Four-probe measurements showed that the resistance
of the DLC films does not change linearly with dopant
concentration, in agreement with what has been reported
w33x. Amorphous semiconductors usually have all states
localized, and their conduction exhibits hopping, espe-
cially variable-range hopping mechanisms. The hopping
probability can be expressed asw34x

B E2R W
C Fw sw exp y y , (1)ij 0
D Gl kT

wherew is a constant,R is the distance the electron0

crosses by tunneling in one hopping event;l is a
measure of the extent of the state(localization length),
W is the thermal activation energy,k is Boltzmann
constant, andT is absolute temperature. Eq.(1) indicates
that the hopping probability and thus the conductivity
of the materials will be increased with decreasedR.
When the concentration of foreign atoms that can
contribute to localized states is increased, the distance
that the electron will cross over one tunneling event
would be smaller, leading to a reduced resistivity. When
the concentration of these atoms is increased to such a
level that continuous channels might be formed for the
transport of electrons, the material could essentially
behave like metallic materials.
DLC films containing copper exhibit p-type conduc-

tion, as pure DLC. Generally, Cu has been reported to
act as an acceptor in most semiconductorsw35x. For
example, it has three acceptor levels in crystalline
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Fig. 5. IR range emissivity spectra of pure DLC, and DLCqCu (1.4
at.% Cu) coatings, showing the emittance(%) as a function of wave
number. Three regimes are indicated in the specimen for pure DLC.

silicon. Therefore, it is not surprising that DLC coatings
containing Cu also show p-type conduction.
Measurements of theI–V characteristics of the pure

DLC and those containing dopants showed that, all the
coatings except the one containing Ti form a Schottky
contact with the measuring probew26x. The DLCqTi
sample simply exhibits metallic conduction as a resistor,
with its I–V curve following Ohm’s law. This can in
part be understood in connection with the XPS obser-
vation that Ti–C bonding is present in the film. Ti–C
bonding is essentially metallic and its presence might
greatly enhance the conduction of the film by increasing
the density of states near the Fermi level. It was also
observed that light has a strong effect on electrical
conduction of the DLC coatingsw26,29x.
The conductivity of the DLCq1.2 at.% Cu sample

as a function of temperature exhibits two regimes. The
first regime corresponds to higher temperature conduc-
tion close to room temperature, and the second, to low-
temperature conduction. The data for the
low-temperature regime can be well fit by the relation

B EB
C FsAexp y , (2)1y2D GT

whereB is a constant. This temperature dependence of
conductivity is different from the famous Mott–Davis
law w36x, but it has also been observed in other disor-
dered material systems. This behavior can be understood
on the basis of the theory developed by Efros and
Shklovskii w37x, who derived the;T dependencey1y2

by considering the long-range Coulomb interactions
between the localized states. Likewise, in the DLC
coating that has a small fraction of dispersed Cu atoms,
the copper atoms are envisaged as Coulomb interaction
centers, which results in the;T behavior.y1y2

Since one of the applications of DLC is for protective
coatings for IR windows, it should be important to study
the effect of foreign atoms on the IR range optical
properties. Measurements of emissivity were performed
on pure DLC coatings and those with dopants. Emissiv-
ity is defined as the ratio of the radiance of a given
object to that of a black body at the same temperature,
and for the same spectral and directional conditions. It
is a function of wavelength and temperature. There are
generally three contributions to the emittance of a
semiconductor, i.e. band-to-band transitions, free carri-
ers, and phonons(lattice vibrations). In the case of
defect-free crystalline semiconductors such as intrinsic
silicon, the three contributions are distinct from one
another at low temperatures where the concentration of
free carriers is still low. The emissivity increases abrupt-
ly when the photon energy exceeds the band gap. Fig.
5 shows emittance of DLC and DLCq1.4 at.% Cu
specimens measured near room temperature. The emitt-
ance spectrum exhibits three regimes. The first regime

corresponds to large wave numbers(higher photon
energies) that show high emittance. Though DLC films
prepared by 248-nm excimer laser with high laser
fluence (;10 Jycm ) have been reported to have a2

band gap of;1.5 eV, Dikshit et al.w33x reported a
value close to 1.0 eV on DLC films prepared under the
same laser fluence as the present work. We may there-
fore attribute the first regime to band-to-band transitions.
Apart from this, however, in the case of amorphous
semiconductors, there are a large number of localized
states, especially close to the band edges. We might
expect that these localized states would also contribute
to emittance. This is indeed what happens to DLC where
no sharp transitions are observed in the emittance
spectrum. Instead, gradual changes are present. The
second regime is from free carriers, while the third
regime of wavenumber close to 10 cm is due to3 y1

phonon contribution. When the specimen is doped, this
contribution from free carriers can be enhanced signifi-
cantly. It was found that incorporation of a small amount
of Si into DLC coatings does not change the general
features of the emissivity and transmittance spectra
w26,29x. Instead, it was found to contribute slightly to
the localized state part, and also contributes a little to
the free carriers part. The emittance of DLC containing
a small fraction of metallic elements shows a significant
increase in the whole range of measurement, while the
transmittance in the IR range is considerably decreased
so that the coating is almost opaque. The effect of
titanium is much more profound in this respect. Ti-
incorporated DLC coatings behave almost as a black
body, where the transmittance just goes to zero. Free
carriers suppress all contribution from band-to-band
transitions, from localized states and from phonons. In
other words, the emitted radiation from other contribu-
tion might have been absorbed before it reaches the
specimen surface.
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Fig. 6. Nano-hardness(a) and Young’s modulus(b) of pure DLC
layer produced by 309 mJ laser energy(the film thickness is approx.
250 nm) and of functionally graded DLC coatings with Ag, Cu and
Ti as the alloy elements. Notice the difference in the effect of the
three different alloy elements(Ag, Cu and Ti) and decrease of sub-
strate effect as compared to pure, thin DLC film.

3.4. Application of functionally gradient design for DLC
coatings

In order to produce even thicker DLC coatings with
reduced internal compressive stress and improved adhe-
sion, we have adopted functionally gradient(FG) design
by using the advantage of PLD. The alloy element was
incorporated during the PLD process, with the concen-
tration of the alloy element decreased away from the
coatingysubstrate interface. Silver, copper and titanium
were chosen as alloy elements to be incorporated into
the composite layer. Three layers of different alloy
element contents were deposited for 30 min each, and
the final top pure DLC layer was deposited for 30 min.
It was found by optical profilometer that the thickness

of the FG diamond-like carbon coatings is from 1.4 to
1.6 mm, depending on the type of alloy element incor-
porated below the pure DLC layer. Fig. 6 is the nano-
hardness(a) and Young’s modulus(b) as a function of
indentation depth for a single layer of pure DLC
deposited with 309-mJ laser energy as well as FG DLC
coatings. Values of;420 GPa for Young’s modulus
and;54 GPa for nano-hardness are obtained for pure
thin DLC films. As pointed out by Ferrari et al.w38x,
nano-indentation is seen to underestimateE for Ta–C.
Surface Brillouin scattering measurements yieldedE of
750 GPa for FCVA deposited DLC films which give
nano-indentation results similar to ours. The constraint-
counting networkw39x predicts that Young’s modulus
should depend on mean-atomic coordinationZ as

1.5Ž .EsE ZyZ , (3)0 0

whereZ is the critical coordination, below which the0

networks have zero rigidity. The theoretical value ofZ0

was given to be 2.4, and Ferrari et al.w38x obtained a
value of 2.6 forZ based on experimental observations.0

Extrapolation of surface Brillouin scattering measure-
ments w38x and molecular dynamics simulation of a
100% sp DLCw40x yielded a value of 480 GPa forE .3

0

Therefore, from nano-mechanical measurements and Eq.
(3), a conservative estimation of sp fraction can be3

made using the relationship between sp fraction and3

the coordination number, which isZs3qsp . Therefore,3

for the pure DLC deposited with 309-mJ laser energy,
the sp fraction is conservatively estimated to be;51%.3

The nano-hardness of DLCyDLCqAgy « ySi is
approximately 60 GPa, which is close to that of crystal-
line diamond(;100 GPa), and much higher than that
of silicon carbide(;35 GPa). The nano-hardness of
DLCyDLCqCuy « ySi FG coating is close to;50
GPa, also much higher than that of silicon carbide. The
FG coating that shows the lowest nano-hardness is DLCy
DLCqTi y « ySi, which is only;40 GPa, still slightly
higher than that of silicon carbide.
FG coating of DLCyDLCqAgy « ySi exhibits the

highest value of Young’s modulus. From the elastic

modulus and Eq.(3), we can estimate the sp fraction3

of the pure DLC layer to be;64%. For DLCyDLCq
Cuy « ySi FG coating, the estimated sp fraction for the3

top pure DLC layer is approximately 53%, and for
DLCyDLCqTi y « ySi FG coatings, it is approximately
45%. Our previous work showed that incorporation of
Ti into the DLC coatings reduces Young’s modulus
more than Cu doesw25x. Neither copper nor silver form
strong chemical bonds with carbon, and the existence
of these elements may only help the relaxation of the
internal compressive stress.
One of the advantages of FG DLC coatings is the

decrease of the substrate effect during the nano-mechan-
ical probing process, as reflected from the nano-inden-
tation measurements. This can be established by
comparing the curves in Fig. 6. In the case of a pure
DLC coating that is approximately 250 nm thick, the
substrate effect sets in at the very early phase of nano-
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indentation. While in the case of thick FG DLC coatings,
the situation is significantly improved. Of course, the
major advantage of the FG DLC design is that it allows
us to produce much thicker DLC coatings than tradi-
tional approaches.
Voevodin et al. w41,42x, also produced FG DLC

coatings, but with a different route. They used a hybrid
of magnetron sputtering and PLD multi-source schemes
to deposit crystalline Ti, TiC and amorphous DLC films,
with a total thickness of 2–3mm and hardness of
approximately;65 GPa. It is reasonable to expect that
FG DLC design will be advantageous at least for
tribological applications.

4. Summary and concluding remarks

Functional diamond-like carbon coatings with reduced
internal compressive stress and improved adhesion have
been successfully prepared by pulsed laser ablation. The
DLC coatings contain a small fraction of more compliant
atoms such as transition metals. It was found that these
DLC coatings exhibit significantly improved nano-
mechanical and tribological performance. Microstructur-
al and atomic structural analyses showed that the DLC
coatings maintain the short-range environment of mostly
tetrahedrally bonded amorphous carbon. Electrical and
IR range optical measurements were also conducted to
study the effect of foreign atoms on the properties. It
was demonstrated that functionally gradient design could
be applied for the preparation of thick, superhard,
adherent DLC coatings by pulsed laser ablation.
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