@ Springer

rl'J

KSME

Journal of Mechanical Science and Technology 24 (7) (2010) 1511~1514

www.springerlink.com/content/1738-494x
DOI 10.1007/512206-010-0416-2

Interfacial effect on thermal conductivity of diamond-like carbon films '

Jong Wook Kim', Ho-Soon Yang?®, Young Ha Jun® and Kyung Chun Kim"*

1School of Mechanical Engineering, Pusan National University, Busan, 609-735, Korea
2Departmem of Physics, Pusan National University, Busan, 609-735, Korea
*J&L Tech. Ltd., 1379-13, Shiheung, Kyunggi-Do, 429-450, Korea

(Manuscript Received July 20, 2009; Revised April 12, 2010; Accepted April 12, 2010)

Abstract

Diamond-like carbon (DLC) has been of interest as a promising coating for protection and insulating layer in micro-electromechanical
systems due to high hardness, wear resistance, transparency in IR range, chemical inertness and biocompatibility. The interfacial effect
on thermal transport is studied for DLC films deposited on Al,O; substrates with an ion gun method. Thermal conductivity of DLC thin
films is measured with a 30 method. DLC films show the thickness-dependent thermal conductivity, which is understood with the inter-
facial thermal resistance between DLC thin film and Al,O; substrate. The interfacial thermal resistance and thermal conductivity of bulk
DLC are determined with the measured thickness-dependent thermal conductivity of DLC films.
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1. Introduction

Diamond-like carbon (DLC) is an amorphous carbon with
sp’ bonding of carbons. DLC containing hydrogen is called
hydrogenated amorphous carbon (a-C:H) [1]. DLC has similar
properties to diamond such as high hardness, high wear resis-
tance, high transparency in the infrared range, chemical inert-
ness, and biocompatibility. Due to these properties, the interest
in DLC has grown for various applications in modern indus-
tries such as protective coatings, microelectronic systems,
optical coatings and biomedical applications [1-3].

Since devices have become miniaturized rapidly, the inter-
facial effect becomes more important in determining the phys-
ical properties of devices. There have been reports on the re-
duction in thermal conductivity of dielectric materials consist-
ing of nanosized grains and films [4-6]. Yang et al. [4] re-
ported the strong grain size dependence of the thermal con-
ductivity of nanocrystalline yttria-stabilized zirconia (YSZ)
and the interfacial thermal resistance of grain boundaries at
temperatures between 6 K and 480 K. The film thickness-
dependent thermal conductivity of Y,O; thin films deposited
on an Al,O; substrate and the interfacial thermal resistance
between Y,0; and Al,O; have also been reported [5].

Thermal conductivities of DLC thin films were reported by
Shamsa et al. [7]. They studied various DLC film with such as
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hydrogenated amorphous carbons (a-C:H) and tetrahedral
amorphous carbon (ta-C) films. This work reports the interfa-
cial effect on the thermal conductivity of a-C:H thin films
deposited on Al,O; substrates. a-C:H thin films with thick-
nesses of 200 nm, 600 nm, 1200 nm, and 1800 nm are pre-
pared with an ion gun method. The thermal conductivity of
the a-C:H films is measured with the 30 method [6].

2. Experimental details

a-C:H films are deposited on an Al,O; substrate using a lin-
ear ion beam source system (J&L Tech Co., LTD.). Fig. 1
shows schematically a linear ion beam source system that
consists of gas feed manifolds, steel-case grounded cathodes,
anodes, and magnets. C,H, gas is fed through the cavity be-
tween the cathodes and anodes. Plasma is produced by ioniz-
ing the feed gas with electrical energy. The ions are bom-
barded in the form of an ion beam, directed toward a substrate,
and form in carbon films on the substrate. Table 1 shows the
deposition conditions for the a-C:H thin films. The thickness
of films is controlled by varying the deposition time, and 200
nm, 600 nm, 1200 nm, and 1800 nm thick a-C:H films are
prepared for this study. The structure of the a-C:H films is
analyzed by X-ray diffraction (XRD: Rigaku GDX-11P3A).
The XRD patterns of the a-C:H films show no peaks except
for the peaks of the Al,O; substrate as expected because car-
bons form in the amorphous a-C:H films.

The thermal conductivity of the a-C:H thin films is meas-
ured with the 3w method which needs a metal pattern of four
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Table 1. Deposition conditions for the growth of a-C:H films.

Substrate ALO;
Gas C,H; (35 scem)
Substrate-source distance 10 cm
Initial pressure 2.6x107° torr
Process pressure 0.8x107 torr
Source power 1100 V/0.2 A
Bias power 100 V/0.2 A/350 kHz/1.3 ps
Deposition rate 12.5 nm/min
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Fig. 1. Schematic diagram of a linear ion beam source system used for
the deposition of hydrogenated amorphous carbon films. This system
was developed by J&L Tech co., LTD.

Fig. 2. An image of surface view of a metal pattern fabricated on a-C:H
film.

probes connected with a line on the top of the film. Gold and
chromium are deposited by electron beam evaporation on the
sample for the metal pattern. Chromium is an intermediate

layer for improving the adhesion of gold to the a-C:H thin film.

The pattern shown in Fig. 2 is obtained by following the pro-
cedures of photolithography and etching, where the width and
length of metal line are 30 wm and 3.074 mm, respectively.
The metal line behaves as both heater and thermometer. By
driving an AC current of frequency o to the metal line, joule
heating of frequency 2w is generated. Since the resistance of
the metal line is proportional to the temperature, the voltage
drop across the metal line has a 3o component. Therefore, the
frequency-dependent temperature oscillation of the metal line
can be obtained from the 3w component in the voltage. A
lock-in amplifier (SR850, Stanford Research System) sepa-
rates the 3o term from other ® terms with a cancellation cir-
cuit shown in Fig. 3. The measurement of the thermal conduc-
tivity is performed at room temperature, and the measurement
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Fig. 3. Schematic diagram of cancellation circuit for 3m measurement.
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Fig. 4. Schematic diagram of heat flow through thin film and substrate
in 30 measurement.

of each thin film is repeated three times in order to minimize
the experimental error.

3. Results and discussion

The thermal conductivity of the a-C:H films is measured
with the differential 30 method [6]. If the film thickness is
smaller than the thermal penetration depth of the film, the heat
flow in the film can be given by a one-dimensional Fourier’s
equation. Fig. 4 shows schematically the heat flow through a
thin film and substrate using the 30 method, where a thin film
shows one-dimensional heat flow while the substrate is char-
acterized by radial heat flow.

Since the thickness of a substrate is much larger than the
thermal penetration depth of the substrate, the temperature
fluctuation of a substrate depends on the frequency. The tem-
perature oscillation of a metal line on a thin film, AT, is repre-
sented by the summation of temperature oscillations of the
substrate, AT and film, AT, [6]:

AT(w) = AT, (w) + AT,

j Pt 1
- lln%wLnflln(Zw)fll +—2 W
Itk 2 b 2 4) 2Ibk,

where D; is the thermal diffusivity of the substrate, @ is the
frequency of the driven current, P is the power, / and b the
length and half-width of the heater, respectively, # the film
thickness, and k; and k; are thermal conductivity of the sub-
strate and the film, respectively. We can obtain temperature
oscillations of the metal line from measurements of the 3w
term and can also calculate the temperature oscillations of the
substrate. From the difference between temperature oscilla-
tions of the metal line and the substrate, the thermal conduc-
tivity of the thin film can be obtained as follows:
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Fig. 5. Amplitude of the temperature oscillations of a heater on a 1200
nm thick a-C:H film as a function of the frequency of driven current.
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Fig. 6. Thermal conductivity of a-C:H films on ALO; substrate as a
function of film thickness denoted by closed squares (H).Results are
fitted by Eq. (4) and represented by a solid line.
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Fig. 5 shows the measured amplitude of the temperature os-
cillations of the metal line on a 1200 nm thick a-C:H film on
the Al,O; substrate. Temperature oscillations of the metal line
and substrate are denoted with closed squares and solid line,
respectively. The figure shows that differences between the
two temperature oscillations are independent of frequency of
the driven current. The thermal conductivity of the 1200 nm
thick DLC film at room temperature, 1.8715 W/m/K, is calcu-
lated from Eq. (2). Thermal conductivities of a-C:H films of
200 nm, 600 nm, 1200 nm, and 1800 nm are obtained follow-
ing the same procedure and shown in Fig. 6.

A a-C:H thin film does not show a dramatic change in
thermal conductivity between 600 nm and 1800 nm, but the
thermal conductivity decreases dramatically when the thick-
ness is less than 500 nm. The thermal conductivity of 200 nm
a-C:H films is almost half that of 600 nm a-C:H films. The
reduction in thermal conductivity is directly related to the
interfacial resistance between the thin film and substrate be-
cause the obtained thermal conductivity is the overall value of
the thin film. Since all samples used in this study are prepared
at deposition conditions, we assume that all samples have the
same interface with one another and, therefore, the interfacial
resistance is constant for all films. The overall thermal resis-
tance of the thin film, the inverse of the thermal conductance,
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Fig. 7. Thermal resistance of a-C:H films on AL,Os substrate as a func-
tion of film thickness denoted by closed squares (H).Results are fitted
by Eq. (3) and represented by a solid line.

is represented as the thermal resistance of the interior part of
the film and that of the interface as follows:

=L TR 3)

where k; is the thermal conductivity of bulk, # is the film
thickness, and Ry is the interfacial thermal resistance.

Fig. 7 shows the overall thermal resistance of the films. The
closed squares and solid line represent the experimental data
and a fit to the data with Eq. (3), respectively. The intercept on
the y-axis gives the interfacial resistance, 13.443x10™ m’K/W.
Eq. (4) can be represented for the overall thermal conductivity,
ky, as follows [4, 5, 8]:

k,
by = @
1+ kR /1,

The solid line in Fig. 6 is a fit to the experimental values
with Eq. (4), which gives the interfacial thermal resistance
between the a-C:H film and AlLO; substrate, 13.443x10°
m’K/W, and the thermal conductivity of bulk, 2.491 W/m/K.
Eq. (4) illustrates that the overall thermal conductivity, k; of
the thin film is less than the thermal conductivity of bulk, &;, as
the interfacial effect term, k;R/t; becomes significant, but k;
becomes close to k; as the film thickness increases. In a-C:H
thin films, the interfacial effect is significant for a thickness
less than 500 nm.

4. Conclusions

a-C:H films are deposited on Al,O; substrates using an ion
gun method. The thin films of 200 nm, 600 nm, 1200 nm, and
1800 nm thicknesses are prepared by controlling the deposi-
tion time. The differential 3m method is used to measure the
thermal conductivity of the DLC thin films. The thermal con-
ductivity of the a-C:H films shows a film thickness depend-
ence, which is directly related to the interfacial thermal resis-
tance. The interfacial thermal resistance between a a-C:H film
and Al,O; substrate and the thermal conductivity of bulk a-
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C:H are determined as 13.443x10™ m’K/W and 2.491 W/m/K,
respectively, along with the measured thickness-dependent
thermal conductivity of a-C:H films.
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Nomenclature

b :Half-width of heater

Dy : Thermal diffusivity of substrate

kr : Thermal conductivity of film

k; : Intrinsic(or bulk) thermal conductivity

ks : Thermal conductivity of substrate

! : Length of heater

P :Power of heater

tr  : Thickness of film

R;. : Interfacial thermal resistance or Kapitza resistance
o : Frequency of driven current of heater

References

[1] C. V. Deshpande and R. F. Bunshah, Diamond and dia-
mondlike films: Deposition processes and properties, Jour-
nal of Vacuum Science and Technology A, 7 (1989) 2294-
2302.

[2] A. Grill, Electrical and optical properties of diamond-like
carbon, Thin Solid Films, 189 (1999) 355-356.

[3] X. Lu, M. Li, X. Tang and J. Lee, Micromechanical proper-
ties of hydrogenated diamond-like carbon multilayers, Sur-
face & Coatings Technology, 201 (2006) 1679-1684.

[4] H.-S. Yang, G.-R. Bai, L. J. Thompson and J. A. Eastman,
Interfacial thermal resistance in nanocrystalline yttria-
stabilized zirconia, Acta Materialia, 50 (2002) 2309-2317.

[5] H.-S. Yang, J. W. Kim, G. H. Park, C. S. Kim, K. Kyhm, S.
R. Kim, K. C. Kim and K. S. Hong, Interfacial effect on
thermal conductivity of Y,0O; thin films deposited on Al,Os,
Thermochimica Acta, 455 (2007) 50-54.

[6] D. G. Cahill, A. Bullen and S.-M. Lee, Interface thermal
conductance and the thermal conductivity of multilayer thin
films, High Temperatures-High Pressures, 32 (2000) 135-
142.

[71 M. Shamsa, W. L. Liu, A. A. Balandina, C. Casiraghi, W. L.
Milne and A. C. Ferrari, Thermal conductivity of diamond-
like carbon films, Applied Physics Letter, 89 (2006) 161921.

[8] C.-W. Nan and R. Birringer, Determining the Kapitza resis-
tance and the thermal conductivity of polycrystals: A simple
model, Physics Review B, 57 (1997) 8264-8268.

Jong Wook Kim received a B.S. in
Mechanical Engineering from KAIST in
1998. He then received his M.S. in Me-
chanical Engineering from Hanyang
University in 2000 and is currently a
Ph.D candidate at the School of Me-
chanical Engineering at Pusan National
University in Korea.

Ho-Soon Yang received a B.S. in Phys-
ics Education and an M.S. in Physics
from Pusan National University in 1987
and 1989, respectively. She then received
her Ph.D. in Physics from the University
of Georgia in 2000. She is currently a
professor at the Department of Physics at
Pusan National University in Korea.

Young Ha Jun received a B.S. and an
M.S. in Physics from Pusan National
University in 1982 and 1984, respec-
tively. He then received his Ph.D. in
Physics from the University of Cincinnati
in 1994. He is currently the president of
J&L Tech. Ltd in Korea.

Kyung Chun Kim received a B.S. in
Mechanical Design Engineering from
Pusan National University in 1979. He
then received his M.S. and Ph.D. in Me-
chanical Engineering from KAIST in
1981 and 1987, respectively. He is cur-
rently a professor at the School of Me-
chanical Engineering at Pusan National
University in Korea.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


