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Thermal expansion of Ti-containing hydrogenated amorphous carbon
nanocomposite thin films
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The effective coefficients of thermal expansi@@TE) 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(1l0) substrates. Effective CTEs were
determined from temperature induced changes in the curvature of film/substrate assemblies.
Measured effective CTE values for Ti-C:H aré.7x 10°® K™%, and show little dependence on the

Ti composition. ©2004 American Institute of Physid©OI: 10.1063/1.1814800

Coefficients of thermal expansiaitTE) of hydrogen- and Ti layers, the thermal expansion of the latter was ne-
ated amorphous carba@-C:H) thin films has been mea- glected. The beam assembly was clamped on one end onto a
sured previously.However, little is known about the CTE of specimen holder with the other end free, and placed in the
a-C:H films containing more than a few atomic percent ofcenter of a high vacuum tube furnace. The tube furnace was
carbide forming metal§Me—C:H). While a-C:H films are  sealed at one end with an optical quality glass allowing laser
homogeneous on length scales larger than a few nanometefgam access, and evacuated to a base pressure2of
Me-C:H films are nanocomposites with metal—carbideX 10°° Torr. The specimen temperature was monitored by a
nanocrystals embedded withmC:H.2 Ti-C:H thin films  K-type thermocouple placed 3 mm away from the beam as-
consist of B1-TiC nanoclusters embedded witak€:H®  Sembly. During each CTE measurement cycle, the specimen
Due to the orientational isotropy &f-C:H and the cubic temperature was increased oved.20 min from room tem-
symmetry of B1-TiC, the CTEs of both phases are repreperature to<230 °C, folloyved by a similarly slow decrease
sented by scalar quantitidsn this paper, effective CTEs of to room temperature. A linear array of parallel laser beams

Ti—C:H thin films are measured as a function of the Ti com-Were incident on the film side of the specimen assembly, and
position. the reflected spots were detected by a charge-coupled-device

Ti—C:H thin films were synthesized with an inductively (CCD) array. The curvature of the beam assemilyjs re-

coupled plasma assisted hybrid chemical/physical vapol ted to the relative change in spacing between reflected

deposition techniqu%A series of Ti—C:H thin films were spots, by
deposited onto the front sides of two-side polished, D-D,\cosé
300 wm-thick S(100) substrates, cut along.00) directions K=- D, ) 2L 1)

into 4X 30 mm beams. The substrate curvature change due
to Ti—C:H deposition were measuréd situ with a multi-  whereD is the reflected spot spacing from a specimen with
beam optical sensingMBOS) techniqué’® Each Ti—-C:H  curvatureK, andé, L, andD, are, respectively, the incidence
specimen was deposited in the configuration ofangle, the optical path length from the specimen to the CCD,
Ti—C:H/Ti/Si(100 with a ~80 nm-thick Ti interlayer, and and the spacing between reflected spots froffatasurface.

a Ti—C:H layer thickness of 1-2m. Substrate temperatures [N the present setuh, was 163 cm and@ was~1°. A nega-
during Ti-C:H deposition were~250 °C. The Ti to C tive change inK denotes increasing substrate convexity on

atomic ratio (Ryyc) was obtained from Rutherford back- the film side. . _
scattering spectrometry measureménts. When the film/substrate assembly is subjected to a tem-

Carbon K-edge electron energy-loss Spectroscopyperature changdé\T, the thermal stress generated within the
(EELS measurements on plan-view Ti-C:H specimens Weré'lm' oy, due to the mismatch between the CTE of the Si

performed on a JEOL JSM3010 transmission electron micro§betrate“S’ and the effective CTE of the Ti-C:H filray, is

scope operated at 300 kV and equipped with a Gatan imangen by

ing filter (GIF200. Raman scattering spectra were collected E

at room temperature in reflection from as-deposited 0=~ (@ = agAT. (2
f

Ti—C:H/Ti/Si(100 specimens with a Jobin—Yvon Horiba
LabRam instrument. This thermal stress induces a change in curvathike,of the
The effective CTEs of Ti—C:H films were probed by film/substrate assembly according to the Stoney’s equation
measuring the specimen curvature change with the MBOS
. . o ; E
technique during heating induced temperature excursions. Uftfz_tg( s
Because of the large thickness disparity between the Ti—C:H 6°\1-vs

)AK, (3

where t; and tg are the thicknesses of film and substrate,
¥Electronic mail: wmeng@me.Isu.edu respectively. In Eqs(2) and (3), E;/(1-v;) and E¢/(1-vy)
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" o FIG. 2. Measured CTE mismatch between Ti-C:H and Si as a function of
FIG. 1. Measured curvature change of & T:H/Ti/Si(100 beam assem he Ti composition. The use of the film indentation modulus instead of the

bly as a function of temperature. Open and solid circles denote results me iaxial modulus results in an additional factor (+u). Separate data
sured during temperature rise and fall of one continuous temperature excur—oints at the samB- denote results of repeat measﬁfrémer?ts on the same
sion over a~300 min period. Open squares denote data obtained during 8 TiIc P

separate temperature rise 24 h later. specimen.

are, respectively, the biaxial moduli of the film and substratefor @ Ti—C:H/Ti/S(100 beam assembly, in which the
The CTE mismatchAa;_c=a;-as is obtained from Ti—C:H film hasRTi,C~0.43. As t_he temperature increases,
Egs.(2) and(3), and is a function oAK/AT as well as the AK becomes more negative, indicating that> as. Results
biaxial moduli and thicknesses of both the film and substratedf three separatdK measurements are shown, and show
For the present measuremeris/(1-»)=1.805x 1011 pa’  that, within experimental error, the thermally inductH is
t.=300 um, andt; was directly measured. Althoug/(1 reproducible over repeated temperature excursions up to

—vy) values for Ti-C:H films were not measured, their inden-"~230 °C and linearly proportional tAT. The former sug-
tation moduli,E, 4=E;/(1-12), were determined previously gests that no structural modification occurred within the film
1 =ind™ /s

. . . during the measurement.
from instrumented nanoindentation measurem&nt&he 9

. Measured values dfL +v;)Aa;_g for Ti—C:H as afunc-
k | fE; Il +v)Aa;_g . : " f f-s ™ TN
nowledge offng allowed one to determin€l +vy)Aay tion of the Ti composition are shown in Fig. 2. The reported

12/ E; | 1 AK error bars are derived from measurement errorak t,
"Bt E AT (4 and Ein and are dominated by scatter in thg4
f ind . . .
measuremerit. Data shown in Fig. 2 indicate thatl
If Aas_s is independent of temperature in the temperature: y)Aq,;_ approaches ~3.5x10°K™ and ~3.0
excursion range, theaK is linearly proportional taAT. X106 K1 as Ryyc approaches, respectively, 0 or 1, and
Because of the presence of compressive intrinsic stressgfows only marginal variation outside of measurement error
within Ti-C:H, ranging from 0.5 to 2 GPa in magnitudle, as a function of the Ti composition.
and the absence of stress relaxafloras-deposited The bonding configuration of the-C:H phase in
Ti—C:H/Ti/Si(100 film/substrate assemblies possessed sigTi—C:H was further probed by EELS and Raman
nificant curvatures. Because of this initial curvature, one cascattering™® Figure 3 shows a &-edge EELS spectrum col-
veat exists regarding thAK measurements. Applying Eq.
(1), one obtains

(1 +v)Aay =

1-vg

cosf#\D,-D L
AK = Kz—Klz—(—>#
2L Do
cosf\(D,-D D,-D ~
S o I |
2L Dl DO 3
s F
whereD; is the reflected spot spacing at the beginning of the &
temperature excursion, corresponding to the curvatyref %’ L
the as-deposited film/substrate assembly. The lastterm in Eq. &
(5) is usually insignificant for bare substrates. In the present = —— TiCH (TIC~0.10) this work
case, it is substantially different from unity. However, it is --- aC this work
known from previous substrate curvature measurements dur- — TiC Lichtenberger et al. 2003
ing specimen depositich,and was applied to obtained : L - - ! i
AK (T) . 270 280 290 300 310 320 330
Structural stability of the F+C:H films during the tem- Electron energy loss (eV)

perature excursion is of concern, since the CTE measure_G 3. Probing the bonding configuration of theC:H phase within Ti
ments assumes that thermally induced strains are elastic {1, < K-edge EELS spectra of a Ti-C:H thin film witR;c=0.10, an

origin, and excludes any structural cha_nges withirCiH.  eyaporated amorphous carbemC) film, and TiC (see Ref. 1L Note that
Figure 1 shows measuretK as a function of temperature the #* peak for Ti-C:H is stronger relative to that for a-C.
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lected from a T+C:H film with Ry;c~0.10. The intensity single-phase TiC can be significantly altered by forming a
of the 1s-7* peak near 285 eV relative to the iGedge as a TiC/a-C:H nanocomposite with only a minor fraction of
whole is proportional to the fraction &f? bonded C atoms, a-C:H.
fspz.g Quantitative evaluation ofg in this case is compli- To obtain CTE for T-C:H, oneneeds to consider the
cated by the presence of the TiC phase withir@iH. Al-  variation of the Poisson’s ratio of Ti-C:H as the Ticom-
though TiC contains nep’ bonded C, it displa¥s a strong position varies. Variations af in two-phase composites have
EELS peak near 285 eV relative to thekGedge!* Adding  been analyzed from a continuum mechanics view point.
the CK-edge signal from TiC to that &d-C:H can resultin  Simple analysis for long-fiber composites indicates a linear
a spectral distortion, and the composite spectra is no longeule-of-mixtures variatiod! Effective medium theory analy-
reflective of the truesp” C component. sis of random two-phase composites, in which the two
A number of Raman spectra were obtained fromphases have identical Poisson’s ratios, has shown that the
Ti—-C:H specimens with different Ti contents. At all Ti com- Compositev exhibits no pronounced variation with Composi-
positions, Raman spectra contained BhandG bands com-  tjon whenv values of the component phases range from 0.1
monly observed ire-C:H films. TheD band center is lo- to 0.4 within the average relative error of18% for the
cated at 1368-1375cth with its full width at half  gata shown in Fig. 2, the present measurements indicate that
maximum (FWHM) ranging from 296 to 303 cm. TheG  the effective CTE of T-C:H is~5.7x 1078 KL and essen-
band center is located at 15511557 ¢nwith its FWHM  tiajly independent of the Ti composition, regardless of

ranging from 108 to 130 cM. As Ry increases from 0.02 \yhether v is taken to be 0.3, 0.17, or the linear rule-of-

t0 0.17, theD andG band positions and their FWHMs do not mixtures values. The lack of composition dependence of
change significantly. The band heights, however, decrease Qyeasured effective CTE for FiC:H is expected from con-
approximately a factor of 5. The similarity in Raman spectraljyum mechanics, based on the near equality of CTEs for
shapes observed from FC:H specimens with different nearly purea-C:H and Tic!® Since an abundance of
Rric suggests that the structure of taeC:H phase within  Tic/a-C:H interfaces exists within FC:H, our measure-
Ti—C:H does not change significantly as the Ti compositionyents suggest that these interfaces do not exert any anoma-

changes. P.rev?ous x-ray absorption spectroscopy measurgy,s influence over the average thermal expansion behavior
ments on T+C:H thin films showed that the bonding envi- ¢ ihese nanocomposites.

ronment surrounding Ti atoms is similar to that in bulk FiC.
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