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The effective coefficients of thermal expansion(CTE) of Ti-containing hydrogenated amorphous
carbon (Ti–C:H) thin films were measured. Ti–C:H thin films with compositions ranging from
nearly purea-C:H to nearly pure TiC were deposited on Si(100) substrates. Effective CTEs were
determined from temperature induced changes in the curvature of film/substrate assemblies.
Measured effective CTE values for Ti–C:H are,5.7310−6 K−1, and show little dependence on the
Ti composition. ©2004 American Institute of Physics. [DOI: 10.1063/1.1814800]

Coefficients of thermal expansion(CTE) of hydrogen-
ated amorphous carbonsa-C:Hd thin films has been mea-
sured previously.1 However, little is known about the CTE of
a-C:H films containing more than a few atomic percent of
carbide forming metals(Me–C:H). While a-C:H films are
homogeneous on length scales larger than a few nanometers,
Me–C:H films are nanocomposites with metal–carbide
nanocrystals embedded withina-C:H.2 Ti–C:H thin films
consist of B1–TiC nanoclusters embedded withina-C:H.3

Due to the orientational isotropy ofa-C:H and the cubic
symmetry of B1–TiC, the CTEs of both phases are repre-
sented by scalar quantities.4 In this paper, effective CTEs of
Ti–C:H thin films are measured as a function of the Ti com-
position.

Ti–C:H thin films were synthesized with an inductively
coupled plasma assisted hybrid chemical/physical vapor
deposition technique.5 A series of Ti–C:H thin films were
deposited onto the front sides of two-side polished,
300 mm-thick Si(100) substrates, cut alongk100l directions
into 4330 mm beams. The substrate curvature change due
to Ti–C:H deposition were measuredin situ with a multi-
beam optical sensing(MBOS) technique.6 Each Ti–C:H
specimen was deposited in the configuration of
Ti–C:H/Ti/Sis100d with a ,80 nm-thick Ti interlayer, and
a Ti–C:H layer thickness of 1–2mm. Substrate temperatures
during Ti–C:H deposition were,250 °C. The Ti to C
atomic ratio sRTi/Cd was obtained from Rutherford back-
scattering spectrometry measurements.6

Carbon K-edge electron energy-loss spectroscopy
(EELS) measurements on plan-view Ti-C:H specimens were
performed on a JEOL JSM3010 transmission electron micro-
scope operated at 300 kV and equipped with a Gatan imag-
ing filter (GIF200). Raman scattering spectra were collected
at room temperature in reflection from as-deposited
Ti–C:H/Ti/Sis100d specimens with a Jobin–Yvon Horiba
LabRam instrument.

The effective CTEs of Ti–C:H films were probed by
measuring the specimen curvature change with the MBOS
technique during heating induced temperature excursions.
Because of the large thickness disparity between the Ti–C:H

and Ti layers, the thermal expansion of the latter was ne-
glected. The beam assembly was clamped on one end onto a
specimen holder with the other end free, and placed in the
center of a high vacuum tube furnace. The tube furnace was
sealed at one end with an optical quality glass allowing laser
beam access, and evacuated to a base pressure of,2
310−8 Torr. The specimen temperature was monitored by a
K-type thermocouple placed 3 mm away from the beam as-
sembly. During each CTE measurement cycle, the specimen
temperature was increased over,120 min from room tem-
perature to,230 °C, followed by a similarly slow decrease
to room temperature. A linear array of parallel laser beams
were incident on the film side of the specimen assembly, and
the reflected spots were detected by a charge-coupled-device
(CCD) array. The curvature of the beam assembly,K, is re-
lated to the relative change in spacing between reflected
spots, by

K = − SD − D0

D0
Dcosu

2L
, s1d

whereD is the reflected spot spacing from a specimen with
curvatureK, andu, L, andD0 are, respectively, the incidence
angle, the optical path length from the specimen to the CCD,
and the spacing between reflected spots from aflat surface.
In the present setup,L was 163 cm andu was,1°. A nega-
tive change inK denotes increasing substrate convexity on
the film side.

When the film/substrate assembly is subjected to a tem-
perature change,DT, the thermal stress generated within the
film, s f, due to the mismatch between the CTE of the Si
substrate,as, and the effective CTE of the Ti–C:H film,a f, is
given by

s f = −
Ef

1 − n f
sa f − asdDT. s2d

This thermal stress induces a change in curvature,DK, of the
film/substrate assembly according to the Stoney’s equation

s ftf =
1

6
ts
2S Es

1 − ns
DDK, s3d

where tf and ts are the thicknesses of film and substrate,
respectively. In Eqs.(2) and (3), Ef / s1−n fd and Es/ s1−nsda)Electronic mail: wmeng@me.lsu.edu
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are, respectively, the biaxial moduli of the film and substrate.
The CTE mismatch,Da f−s;a f −as, is obtained from

Eqs.(2) and (3), and is a function ofDK /DT as well as the
biaxial moduli and thicknesses of both the film and substrate.
For the present measurements,Es/ s1−nsd=1.80531011 Pa,7

ts=300mm, and tf was directly measured. AlthoughEf / s1
−n fd values for Ti–C:H films were not measured, their inden-
tation moduli,Eind=Ef / s1−n f

2d, were determined previously
from instrumented nanoindentation measurements.8 The
knowledge ofEind allowed one to determines1+n fdDa f−s:

s1 + n fdDa f−s = −
1

6

ts
2

tf
S Es

1 − ns
D 1

Eind

DK

DT
. s4d

If Da f−s is independent of temperature in the temperature
excursion range, thenDK is linearly proportional toDT.

Because of the presence of compressive intrinsic stresses
within Ti–C:H, ranging from 0.5 to 2 GPa in magnitude,6

and the absence of stress relaxation,8 as-deposited
Ti–C:H/Ti/Sis100d film/substrate assemblies possessed sig-
nificant curvatures. Because of this initial curvature, one ca-
veat exists regarding theDK measurements. Applying Eq.
(1), one obtains

DK = K2 − K1 = − Scosu

2L
DD2 − D1

D0

= − Scosu

2L
DSD2 − D1

D1
DS1 +

D1 − D0

D0
D , s5d

whereD1 is the reflected spot spacing at the beginning of the
temperature excursion, corresponding to the curvatureK1 of
the as-deposited film/substrate assembly. The last term in Eq.
(5) is usually insignificant for bare substrates. In the present
case, it is substantially different from unity. However, it is
known from previous substrate curvature measurements dur-
ing specimen deposition,6 and was applied to obtained
DKsTd.

Structural stability of the Ti–C:H films during the tem-
perature excursion is of concern, since the CTE measure-
ments assumes that thermally induced strains are elastic in
origin, and excludes any structural changes within Ti–C:H.
Figure 1 shows measuredDK as a function of temperature

for a Ti–C:H/Ti/Sis100d beam assembly, in which the
Ti–C:H film hasRTi/C,0.43. As the temperature increases,
DK becomes more negative, indicating thata f .as. Results
of three separateDK measurements are shown, and show
that, within experimental error, the thermally inducedDK is
reproducible over repeated temperature excursions up to
,230 °C and linearly proportional toDT. The former sug-
gests that no structural modification occurred within the film
during the measurement.

Measured values ofs1+n fdDa f−s for Ti–C:H as afunc-
tion of the Ti composition are shown in Fig. 2. The reported
error bars are derived from measurement errors inDK, tf,
and Eind, and are dominated by scatter in theEind
measurement.8 Data shown in Fig. 2 indicate thats1
+n fdDa f−s approaches ,3.5310−6 K−1 and ,3.0
310−6 K−1 as RTi/C approaches, respectively, 0 or 1, and
shows only marginal variation outside of measurement error
as a function of the Ti composition.

The bonding configuration of thea-C:H phase in
Ti–C:H was further probed by EELS9 and Raman
scattering.10 Figure 3 shows a CK-edge EELS spectrum col-

FIG. 1. Measured curvature change of a Ti–C:H/Ti/Sis100d beam assem-
bly as a function of temperature. Open and solid circles denote results mea-
sured during temperature rise and fall of one continuous temperature excur-
sion over a,300 min period. Open squares denote data obtained during a
separate temperature rise 24 h later.

FIG. 2. Measured CTE mismatch between Ti–C:H and Si as a function of
the Ti composition. The use of the film indentation modulus instead of the
biaxial modulus results in an additional factor ofs1+y fd. Separate data
points at the sameRTi/C denote results of repeat measurements on the same
specimen.

FIG. 3. Probing the bonding configuration of thea-C:H phase within Ti–
C:H: C K-edge EELS spectra of a Ti–C:H thin film withRTi/C=0.10, an
evaporated amorphous carbonsa-Cd film, and TiC (see Ref. 11). Note that
the p* peak for Ti–C:H is stronger relative to that for a-C.
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lected from a Ti–C:H film with RTi/C,0.10. The intensity
of the 1s-p* peak near 285 eV relative to the CK-edge as a
whole is proportional to the fraction ofsp2 bonded C atoms,
fsp2.9 Quantitative evaluation offsp2 in this case is compli-
cated by the presence of the TiC phase within Ti–C:H. Al-
though TiC contains nosp2 bonded C, it displays a strong
EELS peak near 285 eV relative to the CK-edge.11 Adding
the CK-edge signal from TiC to that ofa-C:H can result in
a spectral distortion, and the composite spectra is no longer
reflective of the truesp2 C component.

A number of Raman spectra were obtained from
Ti–C:H specimens with different Ti contents. At all Ti com-
positions, Raman spectra contained theD andG bands com-
monly observed ina-C:H films. TheD band center is lo-
cated at 1368–1375 cm−1, with its full width at half
maximum(FWHM) ranging from 296 to 303 cm−1. The G
band center is located at 1551–1557 cm−1, with its FWHM
ranging from 108 to 130 cm−1. As RTi/C increases from 0.02
to 0.17, theD andG band positions and their FWHMs do not
change significantly. The band heights, however, decrease by
approximately a factor of 5. The similarity in Raman spectral
shapes observed from Ti–C:H specimens with different
RTi/C suggests that the structure of thea-C:H phase within
Ti–C:H does not change significantly as the Ti composition
changes. Previous x-ray absorption spectroscopy measure-
ments on Ti–C:H thin films showed that the bonding envi-
ronment surrounding Ti atoms is similar to that in bulk TiC.3

These observations suggest that the structure of the TiC
phase within Ti–C:H is likewise not significantly modified
asRTi/C varies.

Since the structures of thea-C:H and TiC phases within
Ti–C:H show no strong evidence of being modified from
their corresponding pure forms,Da f−s can be approximated,
to first order, from Eq.(4) using the Poisson’s ratio of bulk
TiC sy=0.17d12 and purea-C:H (y,0.3, independent of
fsp2).1 Using those values fory f yields Da f−s=2.7
310−6 K−1 and 2.6310−6 K−1 for Ti–C:H at compositions
approaching respectively purea-C:H and pure TiC. As tem-
perature increases from 300 to 500 K,as increases from
2.6310−6 K−1 to 3.6310−6 K−1.13 Taking the average
value ofas=3.1310−6 K−1, the data shown in Fig. 2 yields
effective CTE values for Ti–C:H, in thetemperature inter-
val of 300–500 K, of 5.8310−6 K−1 (nearly purea-C:H)
and 5.7310−6 K−1 (nearly pure TiC). According to Marques
et al., a CTE value of 5.8310−6 K−1 for a-C:H corresponds
to fsp2<0.8.1 Given the low Ti contentsRTi/C,0.10d of the
Ti–C:H film examined by EELS, qualitative comparison be-
tween the EELS data shown in Fig. 3 and previous EELS
data on amorphous carbon films with varyingsp2 C content14

suggests a highfsp2 value in thea-C:H phase. Moreover,
Weiler et al. reported a relationship between intrinsic stress
within a-C:H films andfsp2. They demonstrated that a com-
pressive intrinsic stress of,2 GPa (as measured for our
Ti–C:H films at compositions approaching purea-C:H)6

corresponds to afsp2 of ,0.8.15

The presently determined effective CTE for the TiC
phase within Ti–C:H is, however, lower than the value of
7.0310−6 K−1 for bulk TiC.16 Likewise, the measuredEind
value of,250 GPa for Ti–C:Hfilms with composition ap-
proaching pure TiC is significantly below the corresponding
value for bulk TiC.12 This suggests that the CTE andEind of

single-phase TiC can be significantly altered by forming a
TiC/a-C:H nanocomposite with only a minor fraction of
a-C:H.

To obtain CTE for Ti–C:H, oneneeds to consider the
variation of the Poisson’s ratioy of Ti–C:H as the Ticom-
position varies. Variations ofy in two-phase composites have
been analyzed from a continuum mechanics view point.
Simple analysis for long-fiber composites indicates a linear
rule-of-mixtures variation.17 Effective medium theory analy-
sis of random two-phase composites, in which the two
phases have identical Poisson’s ratios, has shown that the
compositey exhibits no pronounced variation with composi-
tion wheny values of the component phases range from 0.1
to 0.4.18 Within the average relative error of,18% for the
data shown in Fig. 2, the present measurements indicate that
the effective CTE of Ti–C:H is,5.7310−6 K−1 and essen-
tially independent of the Ti composition, regardless of
whether y is taken to be 0.3, 0.17, or the linear rule-of-
mixtures values. The lack of composition dependence of
measured effective CTE for Ti–C:H is expected from con-
tinuum mechanics, based on the near equality of CTEs for
nearly pure a-C:H and TiC.19 Since an abundance of
TiC/a-C:H interfaces exists within Ti–C:H, ourmeasure-
ments suggest that these interfaces do not exert any anoma-
lous influence over the average thermal expansion behavior
of these nanocomposites.
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