APPLIED PHYSICS LETTERS 89, 161921 (2006)

Thermal conductivity of diamond-like carbon films
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The authors report the thermal conductivity (K) of a variety of carbon films ranging from polymeric
hydrogenated amorphous carbons (a-C:H) to tetrahedral amorphous carbon (ta-C). The
measurements are performed using the 3w method. They show that thermal conduction is governed
by the amount and structural disorder of the sp* phase. If the sp® phase is amorphous, K scales
linearly with the C—C sp? content, density, and elastic constants. Polymeric and graphitic films have
the lowest K (0.2—0.3 W/mK), hydrogenated ta-C:H has K~ 1 W/mK, and ta-C has the highest K
(3.5 W/mK). If the sp3 phase orders, even in small grains such as in micro- or nanodiamond, a
strong K increase occurs for a given density, Young’s modulus, and sp® content. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2362601 ]

Diamond-like carbon (DLC) is an amorphous carbon
with a significant fraction of C-C sp> bonds. Hydrogen-free
DLCs with the highest sp® content are called tetrahedral
amorphous carbons (ta-C). Hydrogenated amorphous car-
bons (a-C:H) can be classified into four classes:' (i)
polymer-like a-C:H (PLCH), with ~35-60 at. % H and up
to 70% sp> bonds; (ii) diamond-like a-C:H (DLCH),
with ~20-35% H and sp3 content between 20% and 60%;
(iii) hydrogenated tetrahedral amorphous carbon (ta-C:H),
with ~70% sp® and ~25-30 at. % H (iv) graphitelike a-
C:H (GLCH), with less than 20% sp>.

Diamond-like carbon is very promising as a protective
coating and for microelectromechanical systems.z’3 The ther-
mal properties and, in particular, the thermal conductivity
(K) of DLCs are very important for thermal engineering of
microdevices.”® K for different forms of carbon materials,
ranging from graphite and diamond to nanocrystalline graph-
ite and nanodiamond (nD), has been reported in literature.” ™!
There are some reports of K in amorphous and diamond-like
carbons, but K was estimated with different techniques, and
not for a comprehensive set of samples. K of some ta-C,
a-C:H and amorphous carbon nitride (a-C:N) was measured
by photothermal mirage effect'”™" and 30.'%"7

Here we measure K for a comprehensive set of carbon
films ranging from a-C:H to ta-C:H to ta-C (thickness range:
18.5-100 nm). All our films are directly characterized in
terms of density (p), Young’s modulus (E), and H content,
and their structure is further assessed by multiwavelength
Raman spectroscopy. All K measurements are performed us-
ing the same technique (3w). We find that K is well de-
scribed by the evolution of the Raman fit parameters. This
allows us to present a general relation between microstruc-
ture and thermal properties for every amorphous and
diamond-like carbon.

The films were prepared with different deposition sys-
tems: PLCH and DLCH were deposited by plasma enhanced
chemical vapor deposition;1 ta-C:H by electron cyclotron
wave resonance;'® GLCH by magnetron sputtering in an
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Ar/H, atmosphere;1 one ta-C by single bend filtered cathodic
vacuum arc (FCVA),19 another by S-bend FCVA,” and one
by filtered high current pulsed arc (HCA).*' All films were
deposited on silicon. p and H content were determined from
nuclear reaction analysis and/or from x-ray reﬂectivity;l’22
and E by laser induced acoustic waves and/or by surface
Brillouin scatte:ring.zz’24 Visible and UV Raman measure-
ments were performed using Renishaw  Raman
spectrometers..l’25 Table I summarizes the details of the films.

K is measured with a home-built 3w setup. The 3w tech-
nique was initially established for bulk materials®® and was
later extended to thin films and nanostructures.'®*"?® The
measurements are performed by placing a thin conductor di-
rectly on the surface of the material of interest. An alternat-
ing current at frequency 1w heats the conductor. This pro-
duces a resistance change at frequency 3w. The amplitude of
the temperature oscillation depends on the power per unit
length, frequency (f), and physical properties of the material,
such as p, K, and heat capacity Cp.29 We use
Cr (10 nm)/Au (100 nm) heater-thermometer sensors 5 and
10 wm wide. These are patterned on the top of each film by
photolithography. No additional insulating film is deposited
between the film and the sensor or under the film, in contrast
to previous 3w DLC studies,'® in order to improve the accu-
racy of our measurement. In the case of thin films on a sub-
strate, such as those measured here, the temperature drop

TABLE 1. Properties of measured carbon films.

Density H E K (W/mK) op
Film (g/cm’) (at. %) (GPa) at RT (K)
PLCH 1.55 36 16 0.277 310
DLCH 1.76 28 95 0.69 584
DLCH 1.86 30 150 0.566 550
GLCH 1.8 18 0.374 412
GLCH 2 24 s 0.248 379
ta-C:H 22 30 250 0.77 .
ta-C:H 2.4 28 300 1.3 :
ta-C HCA 2.59 0 396.8 1.41 1217
ta-C single 3 0 700 2.7 :
ta-C Sbend 3 0 700 2.2
ta-C Sbend 3.26 0 760 35
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FIG. 1. (a) Measured K of Si substrate from 80 to 400 K (left axis) and the

corresponding frequencies at which the thermal diffusion length reaches the
substrate bottom. (b) Measured K vs T for representative samples.

over the film needs to be separated from that over the Si
substrate. This can be done by ensuring that the modulated
thermal diffusion length Ay,=~[K/(2mfC,)"?] is much
smaller than the substrate thickness. We check this by deter-
mining K for the Si substrate [Fig. 1(a), left axis]. The results
are in good agreement with the tabulated Si values [K at
298 K is 142.2 W/mK (Ref. 30)]. The corresponding fre-
quencies at which Ay, reaches the bottom of the substrate are
indicated on the right axis of the same plot. This sets the
lower frequency for the analysis of our carbon films on Si for
a given temperature (7). The frequency range is thus be-
tween 500 Hz and 2 kHz, depending on thickness and 7.

Figure 1(b) shows the measured K temperature depen-
dence for different types of DLCs: one PLCH, one GLCH,
one DLCH, one ta-C:H, and two ta-C’s of different densities.
K 1ncreases with 7, which is typical of amorphous
materials.” Since the film thickness is small, the contribution
of the Kapitza thermal boundary remstance3 to the overall
thermal resistance of the structure could be substantial.

Figure 1(b) also shows (lines) the result of the K calcu-
lation for two samples using the “minimum thermal conduc-
tivity” approach. It is based on the assumption of random
walks between localized excitations in an amorphous mate-
rial with K given as”

/T
K = (1/6) Pky(n) >, u(T16,)>? J 3 (e = 1)2dx. (1)

0

Here the sum is over three phonon polarization branches
(i=L for longitudinal and /=T, and i=T, for transverse), kj
is the Boltzmann constant, ny=N,p/M is the number of at-
oms per unit volume (N, is Avogadro’s number and M is the
atomic mass), v; is the phonon group velocity of the ith
branch, and 6; is the cutoff temperature of ith branch. Dis-
tinguishing separate 6; for the polarization branches is not
very well justified for our disordered material system. How-
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FIG. 2. (a) K at RT as a function of p. (b) K as a function of FWHM(G).

ever, since E and Poisson’s ratio v are known,23 in our cal-
culations we consider separate phonon group velocities given
by v,=(E/p)'? and (v4/v;)*=2(1-v)/(1-2v). v=0.12 for
ta-C and ~0.3 for a-C:H.” As reported in Ref. 32 there is
no well-defined procedure for computing the Debye tempera-
ture (6p) in disordered solids. The heterogeneous nature of
the material, with sp2 clusters and sp3 regions, makes it even
more challenging to define (6p)theoretically. Thus, we con-
sider 6, to be an adjustable parameter and use it instead of
separate 0;.

The calculated dependence, shown in Fig. 1(b), repro-
duces the measured 7" dependence of K very well. The ex-
tracted values for the effective 6, are between 310 and
1300 K, depending on the film structure (Table I). In particu-
lar 0p scales with p. Indeed a linear extrapolation gives

~ 1900 K for p=3.5 g/cm?, very close to that of diamond
(~188O K).*> For comparison, the planar 6, in graphlte
is ~2280 K,” while the perpendlcular 0p is ~760 K; the
extrapolated 6, of SiO, is 342 K,* while other amorphous
solids, such as B,O5; and CuZr, have 6, as low as 150 K.*?
Since our ) extraction is based on fitting Eq. (1) the method
has limitations and cannot be extended to ta-C films with
high E and p.

Figure 2(a) plots K measured at room temperature (RT),
as a function of p. 3w data from literature are also
included.'® Figure 2(a) shows that K scales linearly with
p and that the H content per se plays a minor role. For
p>1.6 g/cm’, a linear fit to our data gives

K[W/mK] = 1.77p[g/cm’] - 2.82. (2)

Since i 1n amorphous and diamond-like carbons p scales with
C—C sp? content,” Flg 2(a) implies that K scales in the same
way. Indeed, amongst hydrogenated carbon films, ta-C:H has
the highest K because it has the highest C—-C sp* content.
The highest thermal conductivity amongst all DLCs is

Downloaded 13 Nov 2006 to 129.169.177.37. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



161921-3 Shamsa et al.
) T &
1000 # This work 303 Diamond
* Hullen etal. 3id 7
B Chen etal Photothermal %3
¥ Morath et al. Phototermal ¥
—~ -
< 100 A Hurler etal Mirage effect i
E 4 Falabela et ai. Mirage effect
ol »  a-C:N Zhang etal 3w i
; t= n-B Ahmed etal 3w
< 10 ¥ -0 Bertolotti et al. 3 LA 4 1
b4 Yl .
M *
% :I*
#
4L - ] :‘éﬁ ;o i
*
¥
. aa”
0.1 . . i 1 L )
0.5 1.0 15 2.0 25 30 25
. 3
Density (g/cm”)

FIG. 3. K at RT measured by 3w here and other literature data as a function
of p for a variety of DLC, nD and diamond.

reached for ta-C (~3.5 W/mK). Raman spectroscopy further
confirms the correlation between film structure and thermal
properties. Figure 2(b) plots the G peak full width at half
maximum measured at 244 nm excitation [FWHM(G)
@244] as a function of K. Since FWHM(G) is proportional
to the structural disorder, and this increases for increasing
sp> content for as deposited samples,l’25 Fig. 2(b) confirms
that K is linked to the sp? C-C content for as-deposited
samples. We can also get a simple relation between
FWHM(G) @244nm and K for FWHM(G) @244
>80 cm™!,

K[W/mK] =-1.397 + 0.0168FWHM(G) @ 244[cm™'].
(3)

Note that if we just scale K of a-Si (Ref. 34) to that of an
ideal fully sp® bonded amorphous carbon film*> we would
get K~3 W/mK. On the other hand, the minimum thermal
conductivity29 of such an ideal material can be estimated to
be ~1.5 W/mK. These simple estimates are in excellent
agreement with our measured K for the highest sp* ta-C,
which sets the upper limit for K. On the other hand, some
literature reports show much higher values. Reference 13 has
K for ta-C of 4-5 W/mK and Ref. 12 between 8 and
10 W/mK. They both used photothermal techniques, which
require assumptions on the heat capacitance. We thus believe
these values to be overestimated.

Note as well that K of diamond’ is much higher than the
maximum extrapolated for a fully amorphous sp® material.
This means that K is also extremely sensitive to the ordering
of the sp? phase, unlike any of the other common structural
parameters used to characterize carbon films (p, E, etc.),
which depend on the amount of sp?, but not in any signifi-
cant way on this being amorphous or (nano)-crystalline. This
is demonstrated in Fig. 3, which plots K as a function of p
for all DLCs reported in literature and for diamond and
nanodiamond. In some cases p was not reported in previous
studies, only H, sp* content, or optical gap. In these cases we
estimated p by using the general relations of Refs. 1 and 22.
Figure 3 shows that K of nD, which has sp3 content and E
just marginally higher than ta-C, is significantly bigger than
that of ta-C. This is due to the presence of a crystalline,
rather than amorphous, sp? phase. Similarly, for very low sp?
contents, the ordering of the sgz phase in graphitic regions
would significantly increase K.

In conclusion, we have shown that the thermal conduc-
tion in amorphous and diamond-like carbons is related to the
amount and structural disorder of the sp® phase. If the sp?
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phase is amorphous, K scales linearly with C-C sp* content,
density, and elastic constants. In this case, FWHM(G) can be
used as a simple measure of K. If the sp> phase orders, even
in small grains such as in nD, a strong K increase occurs for
a given density, Young’s modulus, and sp® content.
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