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Heat Conduction Characteristics of Vertically Aligned Single-Walled Carbon Nanotubes
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In this work, the film thermal conductivity and the film-substrate interfacial thermal contact resistance of
vertically-aligned single-walled carbon nanotube (VA-SWNT) films were measured with a proposed method utilizing
temperature dependence of Raman spectrum. The proposed method harnesses the excitation laser power of the Raman
spectroscopy to heat the VA-SWNT films synthesized on a silicon substrate by alcohol catalytic chemical vapor
decomposition (ACCVD) method, and measures film temperature from the Raman spectrum. A relationship between
the input laser heat and the measured temperature is modeled with a detailed heat conduction equation, and its
numerical solutions were compared with the experimentally measured results to extract the film thermal conductivity
and the film-substrate interfacial thermal contact resistance. The method found the thermal conductivity of the
VA-SWNT film to be around 2 Wm™'K™' and the film-substrate interfacial thermal contact resistance to be around 2x10°
m’KW'. The obtained film thermal conductivity corresponds to the thermal conductivity equivalent of an individual
SWNT of several tens of Wm™'K™'. This value was more than an order of magnitude smaller than the values reported on
individual SWNTs.
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Fig.1 Schematics of the measurement. The incident laser irradiates the VA-SWNT film, and the heated spot produces Raman
scattering containing temperature information.
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Fig. 2 a) Schematic illustration of the essence of the one-dimensional model. The gray column denotes the laser irradiated part of
the VA-SWNT film. b) Derivation of the partial differential equation from the columnar fragment. The columnar fragment
has heat input ¢., heat output ¢..a,, and heat production w’”’. These incoming and outgoing heat gives the partial differential
equation.
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Table 1 Representative position estimated from the one-dimensional model. This representative position is used for approximating

the numerical temperature solution of the three-dimensional equation.

Thickness Position
(¢ m) (4m)
3.9 2.39
8.0 3.33
11.5 3.68
14.6 3.85
17.0 3.93
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Fig. 3  Simulated temperature distribution inside 11.5 pm thick VA-SWNT film. a) 3D model b) comparison of the results of 3D
model at z=0 and 1D model. The red line indicates the solution of the three-dimensional cylindrical coordinate heat
transfer equation. The blue line denotes the solution of the one-dimensional model.

The following assumptions were made on both figures, the vertical thermal conductivity of the film %, to be 1 Wm 'K, the
lateral thermal conductivity 4, to be 0.01 Wm'K™" (for 3D model result), and the film-substrate interfacial thermal contact
resistance Ry, to be 1x10° m*KW.
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Fig.4 a)Measured G' peak of the Raman signal. The dots are the measured signal, and the lines are the fitted lines. The signals of
the peaks around 1590 cm™ is the spectrum heated with the laser power. The smaller signal is with the low laser power,
intended for measuring the referential ambient temperature peak.

b) Measured temperature results and the parameters obtaining process. The circles denote temperature measured by Raman
signal. The open circle denotes the result has strong affect by the laser reflection from the substrate. The lines represent the
results simulated with the indicated parameters of the vertical thermal conductivity of the film and the thermal contact
resistance of the film-substrate interface. The simulated line utilized the fixed parameters of 100:1 as the vertical to lateral
thermal conductivity ratio and 4 um as the spot diameter.
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Fig. 5 a) Effect of the spot diameter. The lines represent the temperature simulated with the spot diameter as a parameter. The
explanations on the circles see Fig. 4.

b) Effect of lateral to vertical thermal conductivity ratio. The lines represent the temperature computed with the lateral to
vertical ratio as a a parameter. The explanations on the circles see Fig. 4.
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Fig. B1 a) Schematic illustration of the simplified model. Since the lateral heat conduction is neglected, the absorbed heat
directly passes through the film thermal resistance and the interfacial contact resistance to the Si substrate.
b) Comparison graph of the one-dimensional solution and the simplified model. The blue line denotes the temperature
distribution of the one-dimensional equation, and the red line indicates the temperature profile of the simplified
model. The thickness employed for the simulation was 10 pm.
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