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We have investigated mechanical properties of diamond-like carbon~DLC! thin films, particularly
the internal compressive stress and ways to alleviate it. Foreign atoms such as copper, titanium, and
silicon were incorporated into the DLC films during pulsed laser deposition. The chemical
composition of the doped films was determined using Rutherford backscattering spectrometry
~RBS! and x-ray photoelectron spectroscopy~XPS!. Optical microscopy of the doped films showed
that DLC films containing Cu exhibit much less particulate density as compared to the films
containing Ti and Si. Visible Raman spectroscopy was used to characterize the films. The effect of
dopants on the Raman spectrum was analyzed in terms of peak shape and position. Optical
microscopy of the pure DLC of a certain thickness showed severe buckling. The mechanisms of
adhesion associated with DLC coatings were discussed. Qualitative scratch tests on the specimens
showed that pure DLC films have relatively poor adhesion due to a large compressive stress, while
the doped DLC films exhibit much improved adhesion. Wear tests show improved wear resistance
in the doped DLC coatings. Nanoindentation results suggest that pure DLC has an average hardness
above 40 GPa and effective Young’s modulus above 200 GPa. The doped DLC films showed
slightly decreased hardness and Young’s modulus as compared to pure DLC films. These results can
be rationalized by analyzing the internal stress reduction as derived from RamanG-peak shift to
lower wavenumbers. A preliminary interpretation of the stress reduction mechanism is discussed.
© 1999 American Vacuum Society.@S0734-2101~99!05606-7#
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I. INTRODUCTION

Carbon manifests itself in several different forms such
diamond, graphite, fullerenes,1 nanotubes,2,3 and diamond-
like carbon,4 etc. The various forms of carbon with remar
ably diverse properties are a result of its ability to hybrid
in several forms such as tetrahedral (sp3), trigonal (sp2),
and linear coordination (sp1).5 The diamond-like carbon
~DLC! is an important form of amorphous carbon consist
of a mixture of bothsp3 andsp2 coordination. It possesse
properties close to those of diamond when it consists o
large fraction ofsp3 bonded sites.6 The attractive properties
of this novel structure are high values of hardness, trans
ency in the infrared range, chemical inertness, and low c
ficient of friction and high wear resistance, small electr
affinity that leads to field emission effect, etc. Unlike di
mond films produced by, for example, hot filament chemi
vapor deposition, DLC films are synthesized at much low
temperatures and are usually very smooth. Because of
unique properties, DLC films have found applications

a!Electronic mail: qwei@eos.ncsu.edu
b!Also at Department of Materials Science and Engineering, North Caro

State University, Raleigh, NC 27695-7916.
c!Also at Department of Mechanical Engineering, North Carolina A&T St
University, Greensboro, NC 27411.
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hard protective coatings for magnetic disk drives, as ant
flective coatings for IR windows,7 as field emission source
for emitters, and so on.

A number of investigations have corroborated that ult
violet ~UV! pulsed laser ablation of a high purity polycry
talline graphite target is able to produce high quality DL
films with a Tauc gap of;1.8–2.0 eV and ansp3/sp2 ratio of
;80%.8–10 The interesting aspect of pulsed laser ablation
that it is a nonequilibrium process and the species produ
in the laser plasma possess very high kinetic energy.
instance, the kinetic energy of atomic species produced
electron beam evaporation is around;kT ~;0.025 eV at
ambient temperature! ~k is the Boltzmann constant andT is
the absolute temperature! whereas those produced by puls
laser may be as high as 100–1000 kT~;2.5–25 eV! or even
higher.11 The photon energy might help promote one of t
2s electrons to the 2p orbital and lead to the formation o
sp3 hybridization that is the precursor of diamondlike carb
constituents. Also, pulsed laser deposition~PLD! can pro-
duce hydrogen free DLC films. Upon optimization, PLD pr
duces DLC films superior to filtered cathodic vacuum a
~FCVA!12 deposition and mass selected ion beam~MSIB!
deposition.13

However, successful preparation and application of D
films have long suffered by a large internal compress

a
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3407 Wei et al. : Preparation and mechanical properties of composite DLC thin films 3407
stress as high as 10 GPa~Ref. 12! in the films regardless o
the film growth techniques employed.14–16 Explanation for
the presence of this stress is based upon the subimplant
mechanism of DLC deposition. In this mechanism, incid
energetic carbon species bombard the existing DLC film
since usually it takes place at room temperature where
bility of atoms is quite limited, it will give rise to a large
compressive stress.14,17 McKenzie et al.18 even argued tha
large compressive stress is a prerequisite for the formatio
high quality DLC films. Adhesive failure of thin films occur
when the internal stresss exceeds a critical value. A film o
thicknessh delaminates when the mechanical energy den
exceeds the energy needed to create two new surfaces,
as

2G1S 11n

12n Dh f2,2g, ~1!

where g is the surface/interfacial energy,n the Poisson’s
ratio,G1 the shear modulus of the film, andf the strain in the
film. If we write the equation in terms of strain, we can ha

h,
g

G1f 2 S 12n

11n D . ~2!

This equation sets the upper limit on film thickness.
Traditional approaches to obtain DLC films with low in

ternal stress levels involve increasing deposition temp
tures or decreasing the energies of carbon species arrivin
the substrate surface, etc. Unfortunately, all these
achieved at the expense of reducingsp3/sp2 ratio. Anttila
et al.19 achieved considerably high adhesion of DLC on s
con by pretreating the silicon surface with ‘‘high energy
~140 eV! carbon plasma ions. However, the compress
stress of the films introduced during the preparation cau
the silicon surface layer to peel off including up to 25mm
thick silicon substrate. Therefore, elimination or minimiz
tion of compressive stresses in DLC films offers a ma
challenge for technological applications of DLC coating
Some efforts have also been directed toward improving
adhesion of DLC films by depositing an interlayer or seve
interlayers between the DLC film and the substrate.20–22.

In this article, we present results on the mechanical pr
erties of pure DLC and DLC films containing various typ
of dopants prepared by PLD. An ingenious target configu
tion is used so as toin situ incorporate foreign atoms into th
DLC films during PLD. The DLC coatings are characteriz
by RBS, XPS, visible and ultraviolet Raman spectrosco
optical microscopy, and scratch test for adhesion assess
and wear test for comparison of tribological propert
among the specimens. The internal stress reduction is
lyzed by observing the Raman peak shift. Nanoindenta
measurements are carried out to obtain the Young’s mod
and the nanohardness of the DLC films. A preliminary mo
will be proposed to explain the experimental observation
JVST A - Vacuum, Surfaces, and Films
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II. EXPERIMENTAL PROCEDURE

A. Materials and pulsed laser deposition

The novel target configuration described elsewhere23 was
adopted to incorporate various dopants into DLC films d
ing PLD process. During pulsed laser deposition, the tar
was spinning and the focused laser beam impinges seq
tially on graphite and dopant portions to ablate the tar
materials to form a composite film. Thep-type silicon~100!
wafers were used as substrates. Copper, titanium, and si
were chosen as dopants, because a copper interlayer bet
the substrate and DLC film has been considered to impr
the adhesion of the film21 though Cu is not a carbide forme
Ti is a strong carbide former with metallic bonding, and Si
a carbide former with covalent (sp3) bonding similar to dia-
mond. The Si wafers were cleaned in acetone and meth
ultrasonic baths followed by HF dip to remove the nati
oxide layer before loading into the laser deposition chamb
The laser beam source used was pulsed excimer lasel
5248 nm, ts525 ns) at a repetition rate of 10 Hz, with a
energy density close to 3.0 J/cm2. All the depositions were
conducted for 40 min at room temperature in a high vacu
exceeding 1027 Torr.

B. Thin film characterization

Film thickness was measured by a profilometer. The s
face morphology of the films was investigated using opti
microscopy. Visible Raman spectra were collected using
nm coherent photon~laser! beam and were decomposed in
two Gaussians to study the peak shift so as to get informa
on the bonding characteristics and the internal stress re
tion. Both RBS and XPS were used for chemical compo
tion determination. Qualitative scratch tests were perform
on the specimens to study the adhesion of DLC films on
substrate. The scratches were observed and compare
optical microscopy. A ‘‘crater grinding method’’ based upo
microabrasion was used to measure the wear resistanc
the samples. Nanoindentation measurements were condu
for the Young’s modulus and nanohardness of the undo
and doped DLC coatings.

III. RESULTS AND DISCUSSION

First, we will give the film thickness, composition of th
doped DLC films as obtained by RBS and XPS, followed
the main features of the Raman spectra of the DLC film
Then, we will present the optical observations on the surf
morphology of the undoped and doped DLC films, and
will describe qualitative scratch test results and the m
phologies of the scratches. A comparative analysis will
given among the specimens containing different types
dopants. This will be followed by wear resistance results
different specimens. Then results will be given on nano
dentation measurements on doped and undoped DLC c
ings. Finally, the mechanical characterization results will
discussed in connection with the internal stress reduction
indicated by theG-peak shift in the Raman spectrum.
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FIG. 1. Rutherford backscattering spectroscopy of pure~a! DLC, ~b! DLC11.2 at. % Cu, and~c! DLC12.75 at. % Ti.
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A. Chemical composition and Raman spectroscopy
of composite DLC films

Profilometry on the doped and undoped DLC specim
showed consistently that the film thickness lies in the ra
of 400–600 nm. Figure 1 shows the RBS results for th
samples, i.e., pure DLC, DLC1Cu, and DLC1Ti. Simula-
tions of the RBS results showed that the atomic fraction
Cu in the DLC1Cu film is 1.2% and that of Ti in the
DLC1Ti film is 2.75%. Compositional analysis using XP
for these two samples gives 1.44% Cu and 2.66% Ti, resp
tively, agreeing well with the RBS results.

Composition of the films can be monitored throu
changing either the position of the laser beam on the targe
the size of the metal piece. This will change the perimete
the circle made by the laser beam on the target surface
the fraction of ablated metal in the circle is therefo
changed. The composition can be calculated by extrapola
from geometric consideration calibrated against the com
sition obtained by, for instance, RBS. The results are gi
in Table I.

Figure 2 shows the surface morphology of~a! DLC1Cu,
~b! DLC1Ti, and ~c! DLC1Si. The particulate density in
the Cu-doped DLC film is much less than that in Ti a
Si-doped DLC films. The shape of these particulates sugg
that they were formed out of condensed liquid droplets. T
occurrence of particulates is usually attributed to a ‘‘spla
ing’’ mechanism in PLD.24 It can occur in most material
through substrate boiling~also called true splashing!, expul-
sion of the liquid layer by the shock wave recoil pressure a
exfoliation, etc.

The particulate formation during pulsed laser ablation
related to subsurface superheating during laser-solid inte
tion. The superheating of subsurface layers is controlled
the energy density, absorption coefficient, and thermoph
cal properties~thermal conductivity, heat capacity, and late
heat! of the substrate.24 The superheating has been calcula
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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as a function of laser and materials parameters, and co
lated with chunk emission. According to this model chu
emission can be minimized and eliminated by controlli
laser parameters~optimize energy density for a given lase
wavelength! and materials properties~enhancing therma
conductivity and reducing target porosity!. These theoretica
predictions are found to be in agreement with experimen
observations.24

For disordered materials such as amorphous Si and
that possess the same short range order as their crysta
counterparts, the Raman spectroscopy may be understoo
the basis of the selection rule breakdown concept develo
by Shuker and Gammon.25 In a simple approach, the first
order Raman scattering of the amorphous covalent state
responds to the broadened vibrational density of states.
simple model has been verified in the case of amorph
semiconductors such as Si and Ge.26 In addition, a Raman
peak shift, which can sometimes be observed, is usually
tributed to a change of the force-constant values and
broadening of the lines is caused by the relaxation of thk
selection rules. Since the wavevectork corresponds to the
eigenvalues of the translational operator in a crystal latt
therefore it is a good quantum number only for a perf
crystal lattice. In the mean time, the strict selection rules
electronic transitions set by the translational symmetry of
crystal lattice are relaxed and therefore, more modes co
contribute to the Raman scattering and result in a broade
Raman spectrum.

So far, experimental Raman spectroscopy of all the te
hedrally bonded amorphous semiconductors could be
plained on the basis of the Shuker–Gammon model. T
only exception is carbon.27 However, we would rather con
sider DLC not as an exception to Shuker–Gammon mo
but as a new system. This is because the chemical bon
and short-range order of DLC is much more complica
than the fully tetrahedrally bonded semiconductors. Figur
TABLE I. Concentration of dopants in DLC films.

Dopant Copper Titanium Silicon

Samples Cu-1 Cu-2 Cu-3 Ti-1 Ti-2 Ti-3 Si-1 Si-2 Si-3
Dopant content 1.4 1.5 2.5 2.7 4.0 7.7 ¯ ¯ ¯
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3409 Wei et al. : Preparation and mechanical properties of composite DLC thin films 3409
shows that as is common to all amorphous semiconduc
the distinct sharp peaks are replaced by diffuse, broad p
due to the relaxation of selection rules for optical transitio
All the spectra show a broad hump centered in the ra
1510–1557 cm21, which is typical of DLC films. This band
is associated with optically allowedE2g zone center mode o
crystalline graphite~1580 cm21! and is thus designated asG
band. There is also a general resemblance between the
man spectrum of pure DLC, DLC1Cu, and DLC1Si
samples. It was argued that a visible Raman spectrum w
relatively symmetricalG band corresponds to highsp3/sp2

ratio.28 Apart from theG band, the spectra also exhibit
small shoulder at around 1350 cm22 associated with
disorder-allowed zone edge mode of graphite and is t
designated asD band (A1g mode!. It appears that the DLC
film doped with Ti shows more asymmetry and an increa
D band in the Raman spectrum. There is a general tende
in Fig. 3 that all the peak positions of theG band of the
doped samples have been shifted toward smaller wave n
ber. The shift of Raman peaks will be used to analyze
internal stress reduction in a later section of this article.

FIG. 2. Optical micrographs of~a! DLC1Cu, ~b! DLC1Ti, and ~c!
DLC1Si. It shows that the particulate density of the Cu-doped DLC
much smaller than those of Ti- and Si-doped DLC.

FIG. 3. Visible Raman spectra of pure DLC, DLC doped with Cu, DL
doped with Ti, and DLC doped with Si. The labeling of specimens is
ferred to Table I.
JVST A - Vacuum, Surfaces, and Films
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The insignificant effect of Si on the general shape of R
man spectrum could be understood in the light that Si itse
of sp3 hybridization, being covalently bonded and its pre
ence might not greatly affect the short range environmen
DLC structure~bond length and bond angle, for exampl!
that contributes to the Raman spectrum of DLC. In the c
of Cu, since itsd shell is fully occupied and it has bee
recognized that Cu has little chemical bonding with carbon29

it might be expected that Cu would not contribute much
changing the short range environment of DLC either. W
have shown23 in the XPS of Cu in the DLC film that contain
Cu two peaks due to Cu 2p1/2 and Cu 2p3/2 with binding
energies of 952.6 and 933.7 eV, respectively, with no e
dence of carbide formation or Cu–C bonding. For XPS
DLC1Ti, however, apart from the peaks corresponding
Ti 2p orbital electrons at binding energies of 460 and 4
eV, two shoulders close to them are also observed at 4
and 454.7 eV, respectively. These shifts in the binding en
gies of Ti 2p3/2(454 eV) and Ti 2p1/2(460 eV) towards high
binding energy side provide evidence of Ti and carbon bo
ing. The outer shells of a Ti atom is 2d22s2, and it might be
envisaged that this shell configuration could contribute to
change of short range electronic structure of DLC and t
give rise to the change of Raman spectrum.

B. Adhesion of DLC films

Figure 2 shows the optical micrographs of DLC film
containing Cu, Ti, and Si. It is seen that all the doped DL
films stick well to the substrate. No buckling was observed

-

FIG. 4. ~a! Peeling off of pure DLC film from the substrate and~b! two
flakes of DLC thrown off from the film.~c! Buckling patterns taken from
pure DLC film. The buckling exhibits sinusoidal shape. It suggests the p
adhesion of DLC film.
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these specimens. Figure 4 shows optical micrographs
pure DLC film with severe buckling@Fig. 4~a!#. Some bro-
ken DLC flakes have been thrown off from the surface@Fig.
4~b!#. Usually, buckling would not spread over the who
surface but start from edges of the specimen. At a low
magnification, the sinusoidal shape of the buckling patt
would be more obvious, as shown by Fig. 4~c!. The bright
contrasts of the sinusoidal wrinkles correspond to the rid
of the buckling. Similar to the observations by Nir,30 the
following behavior of the buckling pattern could be summ
rized: ~a! Stress relief and the buckling process usually be
some time after exposure to air at atmospheric pressure~b!
in most cases, buckling starts at film edges or at defects~c!
the buckling usually develops in a direction perpendicula
film scratches and other defects;~d! the buckling propagate
by spreading from a few centers and not by generating n
buckling centers;~e! the buckling propagates with a chara
teristic width; and~f! after propagating a characteristic di
tance, the buckling undergoes a change in propagation d
tion or branching.

Theoretically, a thin film heterostructure can be treated
a thin plate attached by adhesive forces to the substrate30,31

The appearance of the buckling patterns indicates that D
films exhibit a very large internal compressive stress. T
buckling problem could be treated using the general the
of the buckling of shells and plates that obey Hooke’s la
As discussed by Nir,30 the solution to the buckling equatio
has a physical meaning as the deflection of the film from
substrate in the normal direction. One type of solution of
buckling equation that is physically meaningful is31

w511cos~kx1qy!, ~3!

wherek andq are two constants. This solution implies th
the maximum displacement of the ridge formed by the fi
buckling is along a straight line given by

kx1qy52np, n50,61,62,... . ~4!

The solution consists of two families of parallel ridges cro
ing each other as described by Eq.~3!. Once the buckling
process begins, it proceeds in a certain direction. Whe
reaches a point where two ridges cross each other, it
merge into either of them or branch into both of them.

As pointed out by Iyeret al.,31 for only a small range of
internal compressive stresses, the film buckles out with
teresting patterns. Smaller stresses could be well accom
dated in the film and no relief patterns are observed.
higher stresses, the film cracks or peels off completely.
particular range of stress within which these buckling p
terns are observed and their nature depends upon the
substrate adhesion. Also the buckling is dependent on b
the internal compressive stress in the film and the stres
the film-substrate interface. For DLC films, one of the cr
cal variables is the film thickness since the magnitude of
internal compressive stress scales with film thickness. M
sudaet al.32 have studied the dependence of the size of
wrinkles on the film thickness.

It is noted that the buckling phenomenon is absent in
the doped DLC films. It appears that the presence of dop
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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can reduce the internal compressive stress in DLC films
order to have a better understanding of how the presenc
dopants enhances the adhesion of DLC films, we carried
qualitative scratch tests on pure DLC and some doped D
films. The term adhesion can mean both the establishmen
interfacial bonds and the mechanical load required to br
an assembly of heterostructure.33,34Because of this, research
ers from different fields of study have proposed many th
retical models of adhesion. They include:~1! Mechanical
interlocking, ~2! electronic theory,~3! theory of boundary
layers and interphases,~4! adsorption ~thermodynamic!
theory, ~5! diffusion theory, ~6! chemical bonding theory
Among these models, we can usually distinguish betw
mechanical and specific adhesion, the latter being base
the various types of bonds~electrostatic, secondary, an
chemical! that can develop between two solids. In practic
each of these theoretical considerations is valid to some
tent, depending upon the nature of the solids in contact
the conditions of formation of the bonded system.

Chemical bonds formed across the coating-substrate in
face can greatly participate in the adhesion between two
terials. These bonds are generally considered as prim
bonds in comparison with physical interactions, such as
der Waals, which are called secondary force interactio
The terms primary and secondary stem from the rela
strength or bond energy of each type of interaction. The ty
cal strength of a covalent bond, for example, is on the or
of 100–1000 kJ/mol, whereas those of van der Waals in
actions and hydrogen bonds do not exceed 50 kJ/mol.
obvious that the formation and strength of chemical bon
depends upon the reactivity of both coating material and s
strate material. In the case of thin film depositionin vacuo,
one of the key parameters that would considerably affect
chemical bonds between the thin film and the substrate is
surface cleanliness of the substrate prior to deposition
the vacuum condition of the deposition chamber. For
stance, if the native oxide of the silicon wafer has not be
completely removed prior to the DLC deposition, poor adh
sion will usually be observed. On the other hand, fresh
surface would usually result in good adhesion since Si an
have strong covalent bonding.

A direct measure of adhesion may be obtained by app
ing a force normal to the interface between the film a
substrate.35 If W is the critical load on the point of radiusr, F
is the shearing force per unit area due to the deformation
the surface,a is the radius of the circle of contact, andP the
indentation hardness of the substrate material, then we
have

F5
a•P

Ar 22a2
and a5A W

pP
. ~5!

This shear force is assumed to move an atom of one la
from one equilibrium position to the next and is a dire
measure of adhesion. If the distance between the symm
cal equilibrium positions for an atom isx, then 1/2Fx would
correspond to the height of the potential barrier and there
the energy of adhesion.
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FIG. 5. Optical micrographs of scratches made on pure~a! DLC, ~b! DLC1Cu, ~c! DLC1Ti, and~d! DLC1Si showing different adhesion properties of the
films.
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In this study, unlike the purpose of achieving a quanti
tive critical load, we used a constant normal load of 10 g
all the films and drew the indentor across the film. Quali
tive comparison was made between the films by studying
scratch morphology using optical microscopy. Figure
shows the scratches made on different diamondlike car
films. It can be seen that in the case of pure DLC@Fig. 5~a!#,
the film is easily stripped off from the substrate, indicati
poor adhesion. This is consistent with the optical microsco
studies of the buckling patterns of pure DLC film. In all th
doped DLC samples, the films adhere well to the subst
@Figs. 5~a!–5~c!#, with no buckling patterns. This is particu
larly true for DLC films containing Ti@Fig. 5~c!# and Si@Fig.
5~d!#.

From our results, we conclude that diamond-like carb
films that contain a small content of foreign atoms can h
significantly enhanced adhesion. In the pure DLC film
buckling can be frequently observed and the buckling p
terns exhibit sinusoidal shape, implying large internal co
pressive stress in the as deposited film. The geometry
mechanism of the formation of buckling patterns can be
scribed in connection with theories pertaining to the buckl
of thin plates or shells. Qualitative scratch tests on the sp
mens show that DLC films containing foreign atoms exhi
much better adhesion than pure DLC.

C. Wear resistance of DLC coatings

Wear takes place whenever one solid material is slid o
the surface of another or is pressed against it. Generally
tendency of contacting surfaces to adhere arises from
attractive forces that exist between the surface atoms of
two materials. If two surfaces are brought together and t
separated, either normally or tangentially, these attrac
forces act in such a way as to attempt to pull material fr
one surface on to the other. The pioneering study on
quantitative aspect of sliding wear by Archard36 showed that
the volume worn away can be written as

V5
kLx

H
, ~6!

wherek is a dimensionless constant dependent on the m
rials in contact and their exact degree of cleanliness,L is the
JVST A - Vacuum, Surfaces, and Films
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normal load,x the sliding distance, andH the hardness of the
surface being worn away. The constantk is also called wear
coefficient analogous to the coefficient of friction. It ha
been verified thatk is always below unity,37 which suggests
that the probability of forming an adhesive wear particle
in most cases, quite low.

In our study, we use a ‘‘crater grinding method’’ based
microabrasion mechanism to acquire the wear resistanc
diamondlike carbon coatings. A nominal load of 5 g was
applied to create the craters. Figure 6 shows the wear
results for the DLC, DLC1Cu, and DLC1Ti films on sili-
con. The plots contain the volume worn off~mm3! as a func-
tion of sliding distance~m!. Improvement of wear resistanc
of the DLC films through incorporation of metal is very sig
nificant, especially during the initial stages of the wear te
It is also observed that the effect of titanium is stronger th
that of copper. One possible reason may be that titanium
strong carbide former and it produces relatively stron
bonding with carbon in the film, whereas Cu is a very we
carbide former and it is doubtful whether it exists in carbid
This is in accord with our XPS studies as described in S
A. What is also apparent from Fig. 6 is that the sliding we
of DLC films follows the Holm–Archard law@Eq. ~6!#.36

The improvement of wear resistance by incorporating f
eign atoms into the DLC films is consistent with the e
hancement of adhesion of these films by doping. It appe
based on our discussions in previous sections that this

FIG. 6. Wear test results of pure DLC, DLC1Cu, and DLC1Ti.
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provement most probably results from reduction in the int
nal compressive stresses.

D. Nanomechanical characterization of DLC films

Nanoscale mechanical testing of both hydrogen free D
and hydrogenated DLC has been reported.38,39 Hoshino
et al.39 used ultramicro-indentation method to measure
hardness and Young’s modulus of DLC films. The doc
mented hardness value of natural diamond falls in the ra
80–102 GPa,40 but these authors reported fora-C:H films
hardness values of 200–500 GPa. In their studies of struc
and properties of DLC produced by PLD, Voevodinet al.41

showed that the presence of hydrogen reduced film hard
from 60 GPa fora-C films to 14 GPa fora-C:H films. Sav-
vides and Bell reported a somewhat detailed investigation
the hardness and Young’s modulus of diamond and D
films38 by nanoindentation. In their experiments, the DL
films were prepared by low energy ion-assisted unbalan
magnetron sputtering. By varying the bombarding ion e
ergy, films were prepared with differentsp3/sp2 bonding ratio
~3–6!, optical gaps~1.2–1.6 eV!, and hydrogen concentra
tions ~4–20 at. %!. The measurements are characterized
substantial elastic recovery, and individual films show a v
narrow range of hardness and modulus values. Individ
films have mean values of hardness and elastic modulu
the range of 12–30 and 62–213 GPa, respectively.

We have measured the nanohardness and Young’s m
lus as a function of indentation depth. Figure 7~a! shows the
Young’s modulus and hardness for undoped pure DLC
shows Young’s modulus above 200 GPa and hardn
around 40 GPa. The values of nanoscale mechanical pro
ties represented by Fig. 7~a! imply good film qualities of
DLC. It is worth noting that diamond has a Young’s modul
of around 1000 GPa and hardness 80–100 GPa, and mo
the hard ceramic materials have hardness around or belo
GPa. It is then clear that our DLC films consist of hig
percentage ofsp3 bonded carbon. Figure 7~b! gives the
nanohardness and Young’s modulus of a Cu-doped diam
like carbon film as a function of indentation depth. It can
seen that, in comparison to undoped DLC, both the Youn
modulus and the hardness of the Cu-doped DLC film
slightly reduced.

Figure 7~c! is the nanohardness and Young’s modulus
diamondlike carbon film that contains 2.7 at. % Ti. T
Young’s modulus shows insignificant change as compare
the Cu-doped specimen. However, the nanohardness exh
slight reduction, with the average value of 25 GPa. It is
teresting to recall the scratch test shown in Fig. 5. Ther
shows that pure DLC exhibits very poor adhesion, indicat
of very large internal compressive stress in the film. Figur
also shows that the adhesion of DLC containing Cu is no
good as DLC containing Ti and Si. It is envisaged that Cu
not as effective in reducing internal stress as Ti and Si.
the other hand, the Ti-and Si-doped DLC films have subs
tially reduced internal compressive stresses. However, q
titative information about the internal stress reduction wo
necessitate further consideration.
J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
-

C

e
-
e

re

ss

n
C

d
-

y
y
al
in

u-

It
ss
er-

t of
20

d-

’s
e

f

to
its

-
it
e
5
s

s
n
n-
n-

d

E. Analysis of internal stress reduction of
diamond-like carbon based on Raman spectroscopy

Raman spectroscopy has been used to probe the st
strain conditions of materials with quite consiste
results.42,43 This is because the stress/strain dependent p
erty is the frequency of the atomic vibrations in a mater
that can be characterized with the laser Raman spectrosc
technique. The principle by which this technique works
that when a material is stressed, the equilibrium separa

FIG. 7. Nanohardness~squares! and Young’s modulus~pyramids! ~a! of
undoped diamond-like carbon films,~b! of diamond-like carbon film con-
taining 1.4 at. % Cu,~c! and of diamond-like carbon film containing 2.
at. % Ti as a function of indentation depth.
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TABLE II. G-peak position~cm21! and internal compressive stress reduction~GPa! as obtained from Raman
shift analysis~the G peak of pure DLC51556.83 cm21).

Dopant Copper Titanium Silicon

Samples Cu-1 Cu-2 Cu-3 Ti-1 Ti-2 Ti-3 Si-1 Si-2 Si-3
Ds ~GPa! 0.77 1.80 2.31 1.64 4.11 7.2 1.54 1.64 1.67
(vG21500) ~cm21! 52.03 45.64 42.44 46.60 31.23 11.99 47.24 46.60 46.4
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between its constituent atoms is altered in a reversible m
ner. As a result, the interatomic force constants that de
mine the atomic vibrational frequencies also change. In g
eral, as the bond lengths increase with tensile load, the f
constants and, hence, the vibrational frequencies decre
while the reverse effect is present when the material is s
jected to hydrostatic or mechanical compression. This ef
has universal applicability in materials as diverse as co
mercial polymers, amorphous phases, or inorganics suc
silicon.44–46The magnitude of the Raman shift can be rela
to the residual stress,s, by the following equation:

s52G•

11n

12n
•

Dv

v0
, ~7!

where Dv, v0 , G and n are the shift in the Raman wav
number, the wave number of a reference state, the s
modulus of the material, and the Poisson’s ratio of the m
terial, respectively.

In Sec. A, we have presented Raman spectra of s
DLC films that are either dopant free or contain some fore
atoms such as Cu, Ti, and Si. In the case of UV Ram
spectra, it is observed that theG-peak positions located b
decomposition of the Raman spectra by multiple Gauss
fitting are 1568.3 cm21 for pure DLC, 1563.6 cm21 for Cu-1,
1560 cm21 for Ti-1, and 1551 cm21 for Si-1 ~the labeling of
specimen is shown by Table I!. The trend is clear that the
presence of dopant leads to shift of theG peak to smaller
wave numbers, indicating that the internal compressive st
of the films is decreased. More detailed analysis is done
the visible Raman data since the Raman spectra can ge
ally be resolved into two Gaussians to achieve the best
sible fit. We found significant shift of theG peak of the
doped DLC films towards lower wave number relative to t
undoped DLC. If we use pure DLC as the reference, and
the mechanical properties of DLC as measured by nan
dentation given in the last section, the internal stress red
tion can be calculated according to Eq.~7!. The results are
tabulated in Table II.

It appears that Ti has the strongest effect on internal st
reduction. It is probably because the concentration of T
generally higher than Cu. Table II also shows that the eff
of Si is somehow constant. This could be understood
terms of the fact that the real concentration of Si has not b
changed significantly due to the relatively large density
particulates. Another reason might be that Si is tetrahedr
bonded, and might not be able to contribute significantly
the internal stress reduction in the films. Silicon may a
help improve the interfacial adhesion.
Surfaces, and Films
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The general reduction of internal compressive str
through incorporation of dopants might be understood
invoking the atomic structure of DLC. So far, three mode
for the atomic structures of DLC have been developed,
the strained layer model, the domain model and the cont
ous rigid random network~CRN! model.4 CRN model,
which is analogous to amorphous silicon, is the most rea
tic. The reduction of the internal compressive stres
through thein situ introduction of dopants can then be u
derstood on the basis of the effect of these dopants on
CRN of DLC. Transition metals like Cu and Ti are usual
more compliant as compared to covalently bonded mater
like DLC. The substitution of metal dopants for carbon a
oms in the CRN may be able to accommodate or take up
strain by distortion of the electron density distribution sin
the outer shell electrons of transition metals are loos
bound to the atom. The effect of Si can also be interpreted
the same token.

It is now apparent that appropriate dopants can be use
produce DLC films with reduced internal stresses. The fi
adhesion can be considerably enhanced. Detailed theore
modeling is needed to elucidate the underlying mechan
that leads to the stress reduction. Also important is the in
mation of how the dopant atoms are distributed in the C
of DLC.

IV. SUMMARY AND CONCLUDING REMARKS

Attempts are made to reduce the large internal comp
sive stresses in the DLC films byin situ doping the films
with various types of foreign atoms. The mechanical prop
ties of DLC thin films thus made are studied. A novel targ
design has been adopted to incorporate copper, titanium
silicon into the DLC films during pulsed laser depositio
Optical microscopy of the surface morphology of the dop
films showed that DLC films containing Cu exhibit muc
less particulate density than the films containing Ti and
Experimental results of visible Raman spectroscopy are
sented and discussed in terms of peak shape and peak
tion. Optical microscopy of the pure DLC of a certain thic
ness showed severe buckling of the DLC film. Prelimina
scratch tests on the specimens show that pure DLC has q
poor adhesion due to the presence of large compres
stress, while the doped DLC films exhibit much improv
adhesion. Wear tests show improved wear resistance in
doped DLC coatings. Nanoindentation results show that p
DLC is of quite good quality, with an average hardne
above 40 GPa and Young’s modulus above 200 GPa.
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copper-doped DLC films showed slightly decreased hardn
and Young’s modulus as compared to pure DLC film. Ti a
Si can reduce the hardness and Young’s modulus more
Cu. All these can be understood by analyzing the inter
stress reduction as acquired from RamanG-peak shift to
lower wave numbers. A preliminary understanding of t
stress reduction mechanism is proposed based on outer
electron distribution distortion as a means of accommoda
the internal stress relief.
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