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The authors report on the experimental investigation of the thermal conductivity of nitrogenated
ultrananocrystalline diamond (UNCD) films on silicon. For better accuracy, the thermal conductivity
was measured by using two different approaches: the 3w method and transient “hot disk” technique.
The temperature dependence of the thermal conductivity of the nitrogenated UNCD films was
compared to that of undoped UNCD films and microcrystalline diamond (MCD) films on silicon. Tt
was shown that the temperature dependence of the thermal conductivity of UNCD films, which is
substantially different from that for MCD films, can be adequately described by the phonon-hopping
model. The room-temperature thermal conductivity of UNCD is 8.6—16.6 W/m K and decreases
with the addition of nitrogen. The obtained results shed light on the nature of thermal conduction in
partially disordered nanostructured materials and can be used for estimating the thermal resistance
of doped UNCD films. © 2008 American Institute of Physics. [DOI: 10.1063/1.2907865]

I. INTRODUCTION

A wide variety of carbon-based materials, including dia-
mond, polycrystalline diamond (PCD), diamondlike carbon
(DLC), carbon nanotubes, and single-layer graphene, have
recently attracted attention as possible candidates for
beyond-silicon (Si) complementary metal-oxide-
semiconductor electronic device applications. Diamond has a
number of exceptional properties, such as tremendous hard-
ness, chemical inertness, record high thermal conductivity,
high mobility of charge carriers, and high electron emission
at low fields.'™ These properties have already made diamond
a material of choice for wear-resistive coatings, optical win-
dows, surface acoustic-wave devices, heat spreaders, and
field-emission flat panel displays. More recently, there has
been noticeable progress with the low-temperature deposi-
tion and doping of diamond."**?

Nanocrystalline diamond (NCD) films have been suc-
cessfully synthesized at a low temperature and at a relatively
high growth rate.” While conventional microcrystalline dia-
mond (MCD) films are grown in an essentially hydrogen-
rich atmosphere, NCD films can be produced in gas mixtures
with low (or even zero) H, addition to the plasma.6 NCD
films, which are synthesized by the argon-rich microwave
plasma assisted chemical vapor deposition (MPCVD) pro-
cess, can have a grain diameter as small as d~2-5 nm.
Such films are also referred to as ultrananocrystalline dia-
mond (UNCD). The important benefit of UNCD films on Si
substrates compared to that of faceted MCD films is that
UNCD films are smooth pinhole-free, even for very small
thicknesses W, e.g., W<1 um. It has also been demon-
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strated that the electrical conductivity of UNCD films can be
changed by the addition of nitrogen (N,) in the process gas,
which leads to the formation of a n-type material.*'*"" Low
electrical contact resistance and ability to form Ohmic con-
tacts were reported in Refs. 12 and 13. DLC was used to
substitute for the buried SiO, layer in silicon on insulator,*
while carbon layers were utilized in the deep trench dynamic
random access memory cell.'> At the same time, the most
important application of UNCD materials is in microelectro-
mechanical and nanoelectromechanical systems due to their
mechanical and frictional properties, which are similar to
those of diamond.'®

While the addition of nitrogen and the resulting electri-
cal conductivity are important for the proposed electronic or
field-emission applications of UNCD, one should also under-
stand how the thermal conductivity (K) of UNCD is different
from that of crystalline diamond and MCD films, in particu-
lar, if carbon materials are used to mitigate the device self-
heating problems.14 Thus, the effect of nitrogen addition on
the thermal conductivity of UNCD films is also of major
interest. In its bulk single crystal or polycrystalline forms,
diamond has the highest thermal conductivity among all ma-
terials, which at room temperature (RT) is K
=1000-2200 W/m K, depending on the quality."” " The
thermal conductivity of NCD and UNCD films is much
smaller. Although only limited work has been published on
the thermal conductivity of NCD and UNCD, one can notice
a substantial discrepancy due to the differences in the mate-
rial properties and measurement techniques. The RT values
reported for these materials vary from K~ 12 W/m K*' to
K~26 W/m K.”> Some of us reported the first study of the
thermal conductivity temperature dependence in UNCD
films.” Since the thermal conductivity of carbon-based ma-
terials strongly depends on the microcrystalline structure as
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well as phase and the amount of the sp?/sp? disorder,”* one
should make a special effort to accompany the thermal study
with a detailed structural characterization of the samples and
correlate the K values with the material structure.

In this paper, we report the experimental study of the
thermal conductivity of nitrogenated UNCD films on Si by
using two different measurement techniques: the 3w and the
“hot disk.” Due to the difficulties associated with the mea-
surements of the thermal conductivity of thin-film samples, it
is important to validate the results by applying more than one
experimental technique. The application of the two experi-
mental techniques has also allowed us to minimize the sys-
tem error in the thermal conductivity measurements, which
often lead to a data discrepancy. The samples used for the
thermal conductivity study were rigorously characterized by
optical microscopy, transmission electron microscopy, scan-
ning electron microscopy (SEM), x-ray diffraction (XRD),
and micro-Raman spectroscopy. For comparison, we also
studied undoped UNCD and MCD films on Si. The experi-
mentalzrsesults were interpreted by using the phonon-hopping
model.

Il. SAMPLE PREPARATION AND CHARACTERIZATION

The samples were grown on Si substrates in a MPCVD
reactor (model DF-100, 2.45 GHz). The MCD film that was
used as a reference in our study had a thickness of 3.4 um
and a surface roughness R,=133 nm. The MCD film (also
referred to as polycrystalline or “poly”) was grown for 2 h
with a gas mixture of 4% CH,/96% H, at a substrate tem-
perature of 7=800 °C, a pressure of 90 Torr, and a micro-
wave power of 4.3 kW. The UNCD samples UNCD-0
(W=2.2 pm), UNCD-15 (W=8.9 um), and UNCD-25
(W=9.5 um) were grown in the same CVD reactor by using
Ar-rich gas mixtures Ar/(5%) H,/(2%) CH,/N, with N,
concentrations of 0%, 15%, and 25%, respectively. Ar was
varied to balance the total flow rate of 500 SCCM (SCCM
denotes cubic centimeter per minute at STP) at the following
conditions: microwave power of 2.4 kW, pressure of 90 Torr,
and substrate temperature 7=800 °C.

The surface morphology of the undoped (UNCD-0
sample) film is shown on the SEM image in Fig. 1(a). The
small (7-10 nm) grains form larger aggregates of 40-70 nm
size. The average surface roughness R, for the UNCDs was
below 40 nm, as measured by atomic force microscope. One
should note that no columnar growth features have been ob-
served in the film cross section [Fig. 1(b)]. In contrast, the
MCD film showed a typical feature for the polycrystalline
CVD diamond columnar grain structure, which was clearly
seen in the cross sections produced by the cleavage. The
grain size on the growth side was close to 2 um, as evalu-
ated from the SEM images.

The XRD analysis (JDX-10P instrument, JEOL) of all
UNCD samples revealed the presence of the cubic diamond
phase with a lattice parameter a=0.35663 (*5) nm, as
found from the (200) reflex position. The grain size
d=17-26 nm was determined for the UNCD films from the
XRD data®® by using Scherrer’s formula for the (111) reflex
broadening. These XRD-derived d values, which are larger
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FIG. 1. (a) SEM plan view image of the ultrananocrystalline film without
added N,; (b) SEM image of the cross section of UNCD film grown on the
Si substrate with 15% N, added in gas. The substrate is on the left.

than the apparent particle sizes seen in the SEM images,
were used in the further analysis of the phonon transport.

It is important to verify the morphology, sp*/sp* con-
tent, and microstructure of the grown films. Micro-Raman
spectroscopy was used to accomplish this task. The RT Ra-
man spectra of UNCD and MCD films were obtained by
using a Renishaw spectrometer fitted with an argon ion (Ar*)
visible 488 nm laser and a grating with a groove density of
1800 lines/mm. An optical path through the 50X objective of
an optical microscope was used for both the light collection
and the delivery (180° backscattering configuration). The
Raman spectra were collected from 800 to 3000 cm™! for 10
s and accumulated ten times. Figure 2(a) shows the Raman
spectra of three distinctively different types of carbon mate-
rials, i.e., natural crystalline diamond, highly oriented pyro-
lytic graphite (HOPG), and MCD, which were used for com-
parison to UNCD. In the MCD film, the most pronounced
peak is at 1332 cm™! with a full width at half maximum of
10 cm™', which corresponds to the optical vibrations in
sp>-bonded carbon atoms in the diamond crystal structure,
while a weak peak at 1500 cm™' is associated with an
sp*-dominant disordered carbon.”"* Figure 2(a) also shows
the spectra for the reference HOPG and single crystal bulk
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FIG. 2. Raman spectra from the (a) MCD, crystalline diamond, and HOPG
graphite samples and (b) UNCD diamond films with 0%, 15%, and 25%
nitrogen contents.

diamond samples. In the HOPG spectra, there are two promi-
nent peaks. The G peak at 1580 cm™' arises from the zone
center E,, phonon in graphite,29 while the 2D band at around
2700 ¢cm™! is due to second order zone boundary phonons
resulting in the two subpeaks, 2D; and 2D,, at 2695 and
2737 cm™!, respectively.30 For the diamond sample, we ob-
serve its zone center optical phonon at 1332 cm™', which
coincides with the aforementioned peak in the MCD film.
The Raman spectra of the undoped and nitrogenated
UNCD films are shown in Fig. 2(b). They are markedly dif-
ferent from the spectra of other phases of carbon. The peaks
that are observable in the UNCD samples are at 1140 and
1330 cm™ and the overlapping peaks at 1450 and
1560 cm™!. The origin of the peaks at 1140 and 1450 cm™'
is attributed to the sp? phase in the trans-polyacetylene seg-
ments at the grain boundaries.*"** The peaks at ~1330 and
1560 cm™' are the D and G bands, respectively, which are
associated with the sp®-bonded carbon at the grain
boundaries.**** It has been noted that the broadening of the
D band is due to the decreasing of the grain size from the
micro- to nanometer scale.®> With the addition of N,, the sp>
clusters become larger and, consequently, we observe that
the intensity of the D band decreases, while the intensity of
the G band increases.”®*” The Raman spectra of our UNCD
samples under UV excitation at 244 nm have been reported
by some of us elsewhere.” The UV-excited spectra mani-
fested a clear diamond peak at 1333 cm™! both in the un-
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FIG. 3. (Color online) Measured (symbol) and simulated (dash) temperature
rises as a function of frequency at 300 K for the UNCD sample without
nitrogen. The inset shows the schematic of the 3w heater/thermometer ele-
ment photolithographically patterned on top of the UNCD sample.

doped and the nitrogenated films with a tendency of the G
peak of graphite to increase with the nitrogen amount in the
plasma.

lll. EXPERIMENTAL DETAILS

Reported data for thermal conductivity of thin films of-
ten show discrepancies due to the systematic errors of a par-
ticular measurement technique. For this reason, we measured
the thermal conductivity by using two different methods. The
first one is the 3w (“3-omega”) method.* The second
method is the transient plane source (TPS) technique carried
out with a Hot Disk, AB instrument. Below, we describe the
measurement procedure for each technique in more detail.

A. Thermal conductivity measurements by the 3w
method

The 3w thermal conductivity measurement technique is
based on driving an ac through a metal line placed on top of
the sample under investigation (see inset of Fig. 3). This
metal conductor simultaneously acts as a heater and as a
thermometer.™*’ Driving an ac through the heater/
thermometer at a frequency 1w results in a measurable elec-
trical resistance change at a frequency of 3w due to the heat-
ing of the metal conductor. The amplitude of the temperature
oscillations, which is measured through the resistance
change, depends on the power input, frequency, and physical
properties of the material under the heater/thermometer, such
as the thermal conductivity K, mass density p, and heat ca-
pacitance Cy. Since the nitrogenated UNCD films were elec-
trically conductive (the measured electrical resistivity is
~3% 1072 Q cm for the strongly nitrogenated UNCD-25
sample41), we had to insulate them from the heater-
thermometer line. For this purpose, a 90 nm thick SiN insu-
lation layer was deposited on the top surfaces by plasma-
enhanced chemical vapor deposition (PECVD) to provide the
electrical insulation. A Si reference sample with an identical
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PECVD deposited SiN insulation layer was prepared for the
data subtraction in the differential 3w technique. The differ-
ential 3w technique allowed us to separate the thermal con-
ductivity of the UNCD films from the overall thermal resis-
tance of the film under study and the electrical insulation
layer. The thermal diffusion depth 8;=(a/2w)"? (where « is
the thermal diffusivity) was controlled via selection of the
proper frequency range.

Cr (10 nm)/Au (100 nm) metallic heater/thermometer
wires with widths of 10 and 30 um were patterned on top of
the insulation layer on each of the samples by photolithog-
raphy, which was followed by e-beam evaporation and the
lift-off process. The 3w thermal conductivity measurements
over the temperature range from 80 to 400 K were conducted
inside a Janis ST-300 vacuum cryostat by using the home-
built experimental setup. A lock-in amplifier was used to
provide the first harmonic input power and collect the har-
monic temperature rise signals from the sample.42’43 Figure 3
shows the measured temperature rise as a function of fre-
quency in the “undoped” UNCD film at 300 K. The simu-
lated temperature rise, which is obtained from the heat dif-
fusion equation, is also shown with the dashed line.

B. Thermal conductivity measurements by the hot
disk technique

The transient plane source (TPS) technique, which is
also referred to as the hot-disk technique,44 utilizes the TPS
element, which serves as a heat source as well as the tem-
perature sensor. The TPS is a thin layer of a bifilar spiral
pattern made of an electrically conducting material, such as
Ni. The pattern is covered with a layer of Kapton to provide
electrical insulation for measurement of conductive samples.
During the experiment, the sensor is sandwiched between the
two samples and heated by the short current pulse. The heat-
ing is measured as a voltage change of the sensor element.

The transient resistance change R(¢) caused by the tem-
perature oscillations is given as™ R(1)=R,[1+BAT(7)].
Here, R, is the initial resistance of the sensor before the
current pulse is applied, S is the temperature coefficient of
resistance for the sensor, and AT(7) is the calculated mean
value of the temperature rise given by AT(7)
=Py(72aK)~'X(7), where a is the size of resistive sensor,
P, is the total power applied to heat the sample, X(7) is the
modified Bessel function, and 7 is the dimensionless param-
eter related to the transient measurement time ¢ and the ther-
mal diffusivity a via the expression 7=(ta/a’)"?. Figure 4
presents a typical plot of the temperature rise in TPS mea-
surements for NCD films on the Si substrate, as well as the
temperature rise in the reference Si sample. Note that the rise
for NCD film on the Si substrate was obtained for 0.1 W of
the dissipated power, while that for the Si reference wafer
was recorded for 0.9 W. The larger temperature rise for NCD
films for a much smaller dissipated power illustrates the dif-
ference in thermal resistance between these two samples.

IV. RESULTS AND DISCUSSION

First, we discuss the results of the measurements carried
out by using the 3w method. Figure 5 presents thermal con-
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FIG. 4. (Color online) Transient temperature rise for the UNCD film on the
Si substrate and reference Si sample measured by the TPS technique.

ductivity K as a function of temperature for the UNCD film
with 25% of N, (marked by squares). For comparison, it also
shows the thermal conductivities of the undoped UNCD film
(marked by triangles) and MCD film (marked by circles).
The first observation is that the measured K values for
UNCD are much smaller than those for the crystalline dia-
mond or MCD films. For the UNCD without added nitrogen,
the RT thermal conductivity is K=16.6 W/m K, while for
the nitrogenated UNCD, the RT thermal conductivity further
reduces to 8.6 W/m K in the film with 25% N, addition.
The reduction with the increased N, concentration is similar
to what is observed in bulk crystalline semiconductors due to
the stronger phonon scattering on point defects.” However,
in our case, the thermal conductivity reduction may also
come from the grain boundary modifications caused by the
presence of nitrogen. The measured RT thermal conductivity
of the MCD sample is K=551 W/m K, which is two to four
times smaller than that for crystalline diamond but still much
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FIG. 5. (Color online) Thermal conductivities as a function of temperature
measured for MCD and the “undoped” and nitrogenated UNCD films. The
solid lines are simulation results obtained by using the PHM. The dashed
line represents the bulk thermal conductivity obtained by the Klemens—
Callaway approach. The solid symbols represent the measured values of
thermal conductivity measured by the 3w technique for the temperature
range of 80-400 K.
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FIG. 6. (Color online) Thermal conductivity as a function of temperature for
the UNCD samples measured by the transient plane technique.

higher than the thermal conductivity of Si (~145 W/m K at
RT). The solid and dashed lines in Fig. 5 are the results of
the calculations, which are discussed below.

Unlike the high quality bulk diamond single crystals and
polycrystalline diamond, which show a peak in K vs T de-
pendence typically in the range of T=50-150 K (the peak
shifts to higher temperatures for more defective diamonds),
the UNCD and MCD films do not manifest a pronounced
low-temperature maximum. The thermal conductivity of
MCD shows a flattened peak K=550 W/cm K at ~150 K
and rolls off slower than 1/7 near RT. The 1/T decrease is
characteristic of low-defect bulk crystals at high tempera-
tures and is related to the anharmonic umklapp phonon-
phonon interaction. For a large variety of polycrystalline
CVD films that greatly differed in quality, a general relation-
ship K~ 1/T" above RT was established'® with the exponent
x ranging within 0.17 <x<1.02. The smaller x values corre-
spond to more defective films. The phonon scattering from
the grain boundaries plays an important role at low 7194546

The temperature dependence of the thermal conductivity
of the UNCD samples is completely different from that of
the bulk crystals and MCD film. It does not have a maximum
and monotonically increases with 7. The K values extracted
from the 3w measurements can be approximated as K=AT”
near RT (260-360 K), where A=~1.8X10™* W/m K and y
=1.1 for the nitrogenated UNCD film (25% of N,) and A
~4.32X 10 W/m K and y=0.6 for the UNCD film with-
out nitrogen addition. The monotonic K increase with tem-
perature is similar to that in the disordered materials. It is
interesting to note that the 25% nitrogenation of an NCD
film causes an ~50% drop in its RT thermal conductivity.
The latter may have important consequences for the pro-
posed electronic application of diamond materials.'*"

We measured the thermal conductivity of the same set of
UNCD samples by using the TPS technique. First, the instru-
ment and sensor calibrations were verified by measuring the
thermal conductivity of a reference Si wafer. The RT value
for Si has been determined to be 149 W/m K, which is very
close to the tabulated value. Figure 6 shows the thermal con-
ductivities of the UNCD films on Si with and without nitro-
gen addition, which were measured by using the hot disk
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method in the 7 range from 260 to 360 K. The RT values for
the undoped, 15%, and 25% nitrogenated UNCD films were
determined to be 7.8, 7.2, and 5.8 W/m K, respectively.
One can see again that the increase in the N, concentration
results in smaller values of the thermal conductivity. The
results obtained by the TPS technique are in reasonable
agreement with the K values measured by the 3w method.
The discrepancy between the thermal conductivities obtained
by two different techniques for the nitrogenated UNCD (25%
of N2) is about 25%, which is a rather typical deviation for
different experimental techniques. The lower values of the
thermal conductivity that were obtained with the TPS tech-
nique can be explained by the larger thermal contact resis-
tance between the sensor and the film under study compared
to the thermal boundary resistance associated with the inter-
face between the metal heater thermometer and the film in
the 3w method. The K values extracted from the TPS mea-
surements can also be approximated as K=AT? near RT,
where A=0.18 W/m K and y=0.6 for the nitrogenated
UNCD film (15% of N,) and A=0.14 W/m K and y=0.7
for the NCD film without N, addition.

We have analyzed the thermal conductivity of NCD and
MCD material systems with the phonon-hopping model
(PHM) proposed by Braginsky et al.”> for polycrystalline
materials. The PHM assumes that the phonon transport in-
side the grain follows the “bulk rules” while the phonon
transition, i.e., hopping, from one grain to another through
the intergrain boundary is governed by the semiempirical
boundary transparency parameter t. The PHM thermal con-
ductivity is written as

op/T K,F(x)1SD
K =kgT —dx, (1)
0 hky Kia*d + kyOpF(x)tSd

where

(L) e ()
F(x)‘2<00> (e*—l)z(x_ T)" @

Here, 6, is the Debye temperature, a is the lattice constant, d

is the average grain size, S (=d?) is mean area of the inter-
grain boundary, 7 is the Planck constant, kj is the Boltzmann
constant, ® is the grain size fluctuation factor, and K; is the
inside-grain “bulk” thermal conductivity given by

K;=3CyVGA, (3)

where Cy is the heat capacity, V; is the average phonon
group velocity, and A is the bulk phonon mean free path
(MFP).

In the model of Braginsky et al.® A is expressed
through the melting temperature 7, and Gruneisen parameter
yas A=(20T,,a)/ ¥*T). We modified the analysis by explic-
itly calculating the phonon MFP using the Klemens—
Callaway approach, where it is defined as"’

A=(1/Ag+ 1/ Ag+ 1/Ay) "+ N2, (4)

Here, 1/Az=A"" is the phonon-boundary scattering term,
1/Ag=B/\* is the point-defect Rayleigh scattering term,
1/Ay=CTe™®T/\? is the three-phonon umklapp scattering
term, N=AVg/kgT is the acoustic phonon wavelength, Vy is
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TABLE I. Scattering parameters for the MCD and UNCD films.

B Cc D

Film type (cm?) (cm/K) (K)
MCD 0.6 107! 1X 10714 1250
UNCD (no N,) 7.5%1073! 2X 107 650
UNCD (with N,) 7.0x1073! 3x 1071 650

the sound velocity, and A, B, C, and D are the material re-
lated constants. The material related constants are obtained
by comparison to the experimental data.*” Table I lists the
values extracted for our samples. The value of B increases
with the nitrogenation due to the stronger impurity mass-
difference scattering on N atoms, which is assumed to incor-
porate both inside the grain and on the grain boundaries. One
should note that at a low temperature, MFP is large and
scattering on the grain boundaries becomes signiﬁcant.48 The
boundary scattering term 1/A in Eq. (4), which describes
the acoustic phonon scattering on the rough boundaries of
the film, does not strongly influence the thermal resistance of
UNCD films since the phonon scattering on the grain bound-
aries is by far the dominant relaxation mechanism. In the
low-T regime, the thermal conductivity is defined by the
grain size d and can be evaluated from the expression49 K;
=(1/3)CyVd.

The phonon-hopping parameter ¢ is obtained from fitting
to the experimental data, although in some simplest cases, it
can be calculated from the first principles.zs’50 The best-fit
PHM curves for the reference UNCD (d=22 nm) and MCD
(d=2 um) were obtained with r=0.52 and t=0.9, respec-
tively, while the best-fit curve for the 25% nitrogenated NCD
(d=26 nm) was calculated with r=0.24 (see Fig. 6). One can
see excellent agreement between the theory and experiment
for UNCD films for the whole examined temperature range
from 80 to 400 K. The smaller ¢ value for the nitrogenated
NCD can be related to the fact that nitrogen atoms cluster on
the grain boundaries, as reported for similar materials in Ref.
13. The accumulation of the nitrogen atoms on the grain
boundaries and the increased thickness of the grain bound-
aries composed of nondiamond carbon’' reduce the inter-
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grain transparency and the thermal conductivity of NCD. It
is interesting to note that the effect of the nitrogen clustering
on the thermal conductivity can be partially offset by the
increase in the grain size as a result of nitrogenation. It was
observed earlier that the addition of N, leads to a larger grain
size."”! The larger grain size results in a lesser number of
grain boundaries and, hence, a smaller thermal resistance of
the whole film.

We also analyzed the upper and low bounds of the ther-
mal conductivity in carbon materials with two other theoret-
ical models in order to verify their consistency with the PHM
results. The dashed curve in Fig. 5 is calculated for bulk
crystalline diamond by using the standard Callaway-—
Klemens approach.49’52 The calculation procedure is analo-
gous to the one that some of us reported elsewhere for an-
other material system.53 This curve presents the upper bound
for the thermal conductivity, which can be obtained in a
diamond-type material without boundary effects on the
acoustic phonons. One can see that the K values for MCD
are relatively close to the upper bound near RT but much
smaller at low T where, in addition to the thermal resistance
of the grain boundaries, the thermal resistance of the film
interfaces starts to play a role. The low bound for the thermal
conductivity in carbon-based materials can be evaluated
from the minimum thermal conductivity (MTC) model pro-
posed by Cahill and Poh!** for the amorphous and disordered
materials. The values calculated with MTC are about an or-
der of magnitude lower than the measured thermal conduc-
tivity for the UNCD films shown in Fig. 5. The latter indi-
cates that the sp® phase ordering inside the grains, even if
they are of nanometer size, leads to a strong increase in the
thermal conductivity compared to the that of amorphous car-
bon.

It is illustrative to compare the thermal conductivity of
UNCD films with that of diamondlike carbons. Table II sum-
marizes the RT values for UNCD films measured by two
different experimental techniques together with the K values
reported in literature for DLC films. The thermal conductiv-
ity of UNCD is more than four times higher than that for the
DLC samples with the highest sp® phase content, such as
ta-C. Note that although the difference between the net sp?

TABLE II. Thermal conductivities of UNCD and diamondlike carbon.

Film Deposition K

Film type thickness process  (W/mK) Method Comments Source
UNCD: no N, 217 pm PECVD 16.6 3w Grain size d=22 nm This work
UNCD: with 25% N, 9.54 um  MPCVD 8.6 3w Grain size d=26 nm This work
MCD 34 pum MPCVD  551.0 3w Grain size d=2 um This work
UNCD: no N, 2.17 pum PECVD 7.8 TPS Grain size d=22 nm This work
UNCD: with 15% N, 8.90 um  MPCVD 7.2 TPS Grain size d=17 nm This work
UNCD: with 25% N, 9.54 um  MPCVD 5.8 TPS Grain size d=26 nm This work
ta-C 70 nm FCVA 3.5 3w Amorphous sp® phase Ref. 23
ta-C:H 70 nm ECWR 1.3 3w 28% H, Ref. 23
DLCH 85 nm PECVD 0.7 3w Anisotropic sp? and sp®  Ref. 23
GLCH 52 nm Sputtering 0.4 3w 18% H, Ref. 23
PLCH 94 nm PECVD 0.3 3w 36% H, Ref. 23
ta-C 20-100 nm  FCVA 4.7  Photothermal Ref. 55
UNCD 16 um CVD 26 3w Ref. 21
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contents of UNCD and ta-C is small, the sp3 phase inside the
UNCD grains is ordered, while in ta-C, it is amorphous.
Thus, the ordering of the sp* phase leads to an increase in the
thermal conductivity.24 The grain boundaries in UNCD films
may also strongly affect thermal conduction. Recent reports
suggested that under certain growth conditions, the presence
of N, in a high amount of process gas can dramatically
change the geometry of UNCD grains and can lead to the
formation of diamond nanowires.”®”’ If the nanowires are
aligned, one can expect an anisotropic thermal conductivity
in these nanostructures. Such anisotropic thermal conductiv-
ity was observed in thick MCD films with a columnar grain
structure.” The small thermal conductivity of UNCD is in
sharp contrast to that of crystalline diamond'"™ and the re-
cently discovered extremely high thermal conductivity of
graphene,58 which exceeds that of carbon nanotubes.”

V. CONCLUSION

We investigated the thermal conductivity of nitrogenated
nanocrystalline diamond films on silicon and compared the
measured results to the theoretical predictions. In order to
minimize the experimental uncertainty, we used two different
measurement techniques: the 3w method and TPS method.
Both techniques gave consistent values of the thermal con-
ductivity over the examined temperature ranges. It was
shown that the temperature dependence of the thermal con-
ductivity of UNCD films can be adequately described by the
PHM. The RT thermal conductivity of UNCD is
8.6—16.6 W/m K and decreases with the addition of nitro-
gen, which is used to form a n-type semiconductor. The ob-
tained results shed light on the nature of thermal conduction
in partially disordered nanostructured materials. They can
also be used for estimating the thermal resistance of the elec-
trically conducting UNCD and MCD films on silicon.
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