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Program Overview 

 

Sunday, July 13th
 

17.30 – 21.00  Dinner buffet in the Sunset Restaurant (free to participants lodging at the Chaminade) 

 
Monday, July 14th 

7.00 – 8.00  Breakfast buffet in the Sunset Restaurant (free to participants lodging at Chaminade) 

8.00 – 9.40    Opening Session & Plenary Talks  

9.50 – 11.00   Thermal Transport  

11.10 – 12.35   Thermal Transport  

12.35 – 14.00   Lunch buffet in the Sunset Restaurant, included for all conference participants 

14.00 – 15.40   Thermal Transport in 1D and 2D Structures 

15.50 – 17.15   Radiative Heat Transfer 

17.30 – 18.30   Expert Panel/Discussion (Industry, Academia, Funding Agencies) 

18.30 – 19.15   Dinner buffet in the Sunset Restaurant (free to participants lodging at the Chaminade) 

19.15 – 21.00   Poster Session   

 
Tuesday, July 15th 

7.00 – 8.00  Breakfast buffet in the Sunset Restaurant (free to participants lodging at Chaminade) 

8.00 – 9.10    Nanofluidics 

9.35 –  11.00   Nanoscale Heat Transfer 

11.10 – 12.30    Thermal Management 

12.30 – 14.00   Lunch buffet in the Sunset Restaurant, included for all conference participants 

14.00 – 15.25   Experimental Techniques  

16.00 – 20.00    Excursion & Conference Dinner (included for all participants) 

 
Wednesday, July 16th 

7.00 – 8.00  Breakfast buffet in the Sunset Restaurant.  Free to participants lodging at Chaminade.) 

8.00 – 9.35    Nanoscale Transport Phenomena 

9.45 – 11.10  Energy Conversion  

11.20 – 12.30   Applications 

12.30 – 13.00    Closing Remarks  

13.00 – 14.15    Lunch buffet in the Sunset Restaurant, included for all conference participants 

     End of the Seminar 
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Sunday, July 13th
 

 

17.30 - 21.00   Buffet dinner in the Sunset Restaurant (free to participants lodging at the Chaminade). 

 

17.00 - 22.30   Dinner available at Linwood’s Bar & Grill Restaurant (not included with lodging). 

 
  

Sunday 
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Monday, July 14th
 

 

(7.00 - 8.00 Breakfast buffet in the Sunset Restaurant.  Free to participants lodging at the Chaminade.) 

 

8.00 - 9.40  Opening Session & Plenary Talks  

  8.00 – 8.05 Welcome Remarks by the Chairs 

  8.05 – 8.20 Introductory remarks by A. Majumdar 

  8.20 – 9.00 Plenary Talk 1 G. Chen (Ballistic, coherent, and quantum heat conduction) 

  9.00 – 9.40 Plenary Talk 2 S. Maruyama (Carbon nanotube-Si heterojunction solar cells)  

 

(9.40 - 9.50 Break)    

 

9.50 – 11.00  Thermal Transport  

  Chair: Jon Malen 

  9.50 – 10.15 Keynote: M. Nomura (From photonic to phononic-thermal conduction control 

by phononic crystal nanostructures) 

  10.15 – 10.30 J. Shiomi (Phonon transport calculations of crystals with strong anharmonicity, 

disorders, interfaces, and nanostructures) 

  10.30 – 10.45 P. Norris (Alloys and amorphous materials: the microstructure and thermal 

conductivity) 

  10.45 – 11.00 I. Kinefuchi (New formulation of dissipative particle dynamics: Non-

Markovian models) 

 

(11.00 - 11.10 Break)   

 

11.10 – 12.35  Thermal Transport  

  Chair: M. Kohno 

  11.10 – 11.35 Keynote: D. Cahill (Coupling of heat and spin currents in cuprates and 

metallic multilayers) 

  11.35 – 11.50 C. Dames (Heat Transfer in Non-Linear and Highly Anisotropic Systems) 

Monday 
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  11.50 – 12.05 G. Kikugawa (Molecular dynamics viewpoint on heat transfer characteristics 

of self-assembled monolayers and polymeric substances) 

  12.05 – 12.20 R. Yang (Thermal conductivity of polymer and hybrid organic-inorganic thin 

films) 

  12.20 – 12.35 T. Shiga (Anomalous lattice dynamics of lead telluride arising from strong 

anharmonicity) 

 

12.35 – 14.00  Lunch.  Buffet in the Sunset Restaurant, free to all conference participants. 

 

14.00 – 15.40  Thermal Transport in 1D and 2D Structures 

  Chair: K. Miyazaki 

  14.00 – 14.25 Keynote: L. Shi (Phonons in higher manganese silicides of complex Nowotny 

chimney ladder phases) 

  14.25 – 14.40 A. Narayanaswamy (Measurement of heat flow though polymeric 

nanostructures using the dual cantilever technique: Thermo-mechanical response and teasing 

out the thermal part) 

  14.40 – 14.55 D. Li (Non-intrinsic Sharvin resistance between nanostructures) 

  14.55 – 15.10 E. Pop (Ballistic to diffusive thermal transport in two-dimensional materials 

and devices)         

  15.10 – 15.25 A. McGaughey (Thermal transport across organic-inorganic interfaces) 

  15.25 – 15.40 R. Chen (Thermal and thermoelectric transport in nanostructures) 

 

(15.40 - 15.50 Break)    

       

15.50 – 17.15  Radiative Heat Transfer 

  Chair: J. Shiomi 

  15.50 – 16.15 Keynote: Z. Zhang (Near-field radiative transfer enhanced by Graphene 

covered nanostructures) 

  16.15 – 16.30 K. Hanamura (Spectral control of near-field radiation transfer using pillar 

array structured surface) 

  16.30 – 16.45 P. Reddy (Effect of film thickness on near-field thermal transport) 

Monday 
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  16.45 – 17.00 J. Duda (Nanometer-scale thermal phenomena in heat-assisted magnetic 

recording) 

  17.00 – 17.15 M. Morelli (Nano-thermal consideration for heat assisted magnetic recording 

(HAMR)  

 

(17.15 - 17.30   Break)    

 

17.30 – 18.30  Expert Panel/Discussion (Industry, Academia, Funding Agencies). 

 

18.30 – 19.15  Dinner.  Buffet in the Sunset Restaurant (free to participants lodging at the Chaminade). 

  

19.15 – 21.00  Poster Session  

  

Monday 
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Tuesday, July 15th
 

 

(7.00 - 8.00 Breakfast buffet in the Sunset Restaurant.  Free to participants lodging at the Chaminade.) 

 

8.00 – 9.10  Nanofluidics 

  Chair: A. Schmidt 

  8.00 – 8.25    Keynote: Y. Kazoe (Spatially-resolved measurement of nanochannel flows by 

evanescent wave-based particle tracking) 

  8.25 – 8.40    P. Phelan (The effective latent heat of aqueous nanofluids) 

  8.40 – 8.55    H. Daiguji (Adsorption and transport of water in mesoporous silica) 

  8.55 – 9.10    K. Fushinobu (On the oxygen transport in cathode catalyst layer of PEFCs)  

  9.10 – 9.25    D. Irima (Self-generated chemical gradients guide the migration of cancer cells) 

 

(9.25 – 9.35 Break)    

 

9.35 – 11.00  Nanoscale Heat Transfer 

  Chair: A. Minnich 

  9.35 – 10.00 Keynote: T. Tokumasu (Study on Transport Phenomena of Reaction 

Materials in Fuel Cell by Quantum/Molecular Dynamics Method) 

  10.00 – 10.15 J. Massen (Novel Approach to Ballistic Phonon Transport) 

  10.15 – 10.30 T. Yabuki (MEMS Measurements of boiling heat transfer with a single bubble) 

  10.30 – 10.45 J. Bischof (Nanoparticle heat transfer for biomedical applications) 

  10.45 – 11.00 K. Takahashi (Experimental investigations of nanodroplets and nanobubbles) 

 

(11.00 – 11.10 Break)   

 

11.10 – 12.30   Thermal Management 

  Chair: K. Takahashi 

  11.10 – 11.35 Keynote: K. Goodson (Nano thermal management beyond 50 kW/cm2) 

  11.35 – 11.50 J. Lukes (One-way phonon isolation in acoustic waveguides) 

Tuesday 
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  11.50 – 12.15 Keynote 2: K. Uchida (Thermal-aware device design of advanced nanoscale 

electronic devices)  

  12.15 – 12.30 M. Kohno (Reduction in thermal conductivity of silicon processed by high-

pressure torsion) 

 

12.30 – 14.00  Lunch.  Buffet in the Sunset Restaurant, free to all conference participants. 

   

14.00 – 15.25  Experimental Techniques  

  Chair: M. Nomura 

  14.00 – 14.25 Keynote: D. Reis (Fourier transform inelastic x-ray scattering:  a new tool 

for  measuring phonon dispersion and more with a free-electron laser) 

  14.25 – 14.40 O. Delaire (Investigations of microscopic energy transport with Neutron and 

X-Ray Scattering (IA)) 

  14.40 – 14.55 Y. Nagasaka (Accurate instrument for measuring the surface tension, viscosity 

and surface viscoelasticity of liquids using ripplon surface laser-light scattering with tunable 

wavelength selection) 

  14.55 – 15.10 J. Malen (Analytical solutions to the BTE, to interpret MFP spectroscopy in 

FDTR and TDTR) 

  15.10 – 15.25 A. Minnich (Uncovering and engineering the thermal phonon spectrum) 

 

(15.25 – 16.00  Break)   

 

16.00 – 20.00    Excursion & Conference Dinner (free for all participants). 

Meet Buses at 16.00 by the main Chaminade lawn (by spa and outdoor pool), for a group 
tour of the Soquel-Bargetto Winery.  After returning to Chaminade, the Conference 
Banquet will be held at the Courtyard Terrace in the main building. 

 
    

Tuesday 
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Wednesday, July 16th
 

 

(7.00 - 8.00 Breakfast buffet in the Sunset Restaurant.  Free to participants lodging at the Chaminade.) 

  

8.00 – 9.35  Nanoscale Transport Phenomena 

  Chair: H. Daiguji 

  8.00 – 8.25 Keynote: A. Shakouri (Superdiffusive heat transport in semiconductors)  

  8.25 – 8.50 Keynote 2: R. Matsuda (Selective gas adsorption in the nanospace of flexible 

metal-organic frameworks)  

  8.50 – 9.05 S. Shen (Thermal and elastic properties of crystalline polymer nanostructures) 

  9.05 – 9.20 A. Endo (Synthesis and characterization of mesoporous materials for energy-

efficient adsorption systems) 

  9.20 – 9.35 A. Schmidt (Thermal property measurement of nanoscale films with 

frequency-domain thermoreflectance) 

 

(9.35 – 9.45 Break)   

 

9.45 – 11.10 Energy Conversion  

  Chair: Y. Murakami  

  9.45 – 10.10 Keynote: P. Allen (Size effects in thermal conduction by phonons) 

  10.10 – 10.25 D. Broido (Phonon thermal transport in BAs nanowires from first principles) 

  10.25 – 10.40 K. Miyazaki (Printable thermoelectric materials) 

  10.40 – 10.55 S. Sinha (Parsing the Seebeck coefficient: The effect of Non-equilibrium) 

  10.55 – 11.10 S. Inoue (Mass spectroscopy of intermediates observed in carbon nanotube 

synthesis) 

 

(11.10 – 11.20  Break)   

 

  

 

Wednesday 
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11.20 – 12.30  Applications 

  Chair: S. Shen 

  11.20 – 11.45 Keynote: Y. Murakami (Kinetics of triplet-sensitized photon upconversion in 

ionic liquids for utilizing wasted solar photons) 

  11.45 – 12.00 C. Hogan (Microscopy based inference of nanoscale aggregate morphologies: 

Applications in nanomedicine and aerosol science) 

  12.00 – 12.15 T. Zolotoukhina (Vibrational spectra in the study of molecular interactions in 

transient molecular dynamics simulation. Application to the van der Waals interaction of 

nucleobases with graphene) 

  12.15 – 12.30 S. Chiashi (Fabrication of semi-conducting single-wall carbon nanotube array) 

 

12.30 – 13.00   Closing Remarks (Li Shi) 

 

13.00 – 14.15   Lunch.  Buffet in the Sunset Restaurant, free to all conference participants. 

 

End of the seminar. 

 

  
 
 
 
 
 
 
 
 
 

Wednesday 



 

 12

 
 
 
 
 
 
 
 
 
 

Oral Presentation Abstracts 
 

In Chronological Order 



 

 13

Ballistic, Coherent, and Quantum Heat Conduction 
Gang Chen1 

 
1Mechanical Engineering Department  

Massachusetts Institute of Technology, Cambridge, MA 02139 
 

In this talk, I will start with a discussion on ballistic transport in both bulk materials and nanostructures, 
and move on to discuss signatures of coherent and quantum heat conduction. We develop phonon mean 
free path spectroscopy techniques by exploring quasi-ballistic heat transfer around nanoscale heat 
sources. We measure the thermal conductivity of short-period superlattices and observed that their 
thermal conductivity increased linearly with increasing total superlattice thickness over a temperature 
range from 40 to 300 Kelvin. We interpret this trend as a result of the coherent phonon heat conduction 
process. This interpretation is supported by first-principles and Green’s function based simulations. 
Accessing the coherent heat conduction regime opens a new venue for phonon engineering for an array of 
applications. We will show that how that breaking the phonon coherence can further reduce thermal 
conductivity of superlattices. I will also discuss some recent work in understanding the quantum nature of 
heat transport processes. 

This material is based upon work supported as part of the “Solid State Solar-Thermal Energy Conversion 
Center (S3TEC), an Energy Frontier Research Center funded by the U.S. Department of Energy, Office of 
Science, Office of Basic Energy Sciences under Award Number: DE-SC0001299/DE-FG02-09ER46577. 
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Phonon transport calculations of crystals with strong 
anharmonicity, disorders, interfaces, and nanostructures 

J. Shiomi1,2, T. Murakami1, T. Hori1, T. Shiga1 

 
1 The University of Tokyo, 7-3-1 Hongo, Bunkyo, Tokyo, Japan 

2 Japan Science and Technology Agency, PRESTO, 4-1-8 Honcho, Kawaguchi, Saitama 332-
0012, Japan 

 
Over the last several years, there has been a significant progress in the methodology to calculate phonon 
transport in crystals. This includes development in first-principles calculations of anharmonic interatomic 
force constants, which now allows us to accurately obtain lattice thermal conductivity of crystals through 
lattice dynamics or molecular dynamics. To make the analysis more useful for material development, we 
have extended the method to account for various complexities that are commonly present in actual 
materials: (1) strong anharmonicity[1], (2) alloy disorders[2-4], and (3) interfaces[5]. Here, molecular 
dynamics is particularly useful to capture effects beyond the perturbation theory, such as atom 
displacements far from equilibrium and local variation of mass and force fields. With these, we have 
identified (1) the origin of anomalous anharmonic lattice dynamics of lead telluride, (2) the large 
contribution of local force-field variation to the thermal conductivity reduction in lead-chalcogenide solid 
solutions, and (3) the contribution of the inelastic phonon transmission to the thermal boundary 
conductance across bonded crystal interfaces. Combined with the Monte Carlo simulations of phonon 
Boltzmann transport[6], mutual adoptability of the effects can be investigated in terms of phonon 
spectrum. The capabilities and limits of the current framework for designing thermoelectric materials will 
be discussed. 
 
[1] T. Shiga, T. Murakami, T. Hori, O. Delaire, and J. Shiomi, Appl. Phys. Express 7 041801 (2014). 
[2] T. Hori, T. Shiga, and J. Shiomi, J. Appl. Phys., 113, 203514 (2013). 
[3] T. Shiga, T. Hori, and J. Shiomi, Jpn. J. Appl. Phys, 53, 021802 (2014). 
[4] T. Murakami, T. Shiga, T. Hori, K. Esfarjani, and J. Shiomi, Europhys. Lett., 102, 46002 (2013).  
[5] T. Murakami, T. Hori, T. Shiga, and J. Shiomi (to be submitted). 
[6] T. Hori, G. Chen, and J. Shiomi, Appl. Phys. Lett., 104, 021915 (2014). 
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Alloys and Amorphous Materials: the Microstructure and Thermal 
Conductivity 

C.H. B aker1, L.S. Larkin2, W.A. Soffa3 and P.M. Norris1 
 

1 University of Virginia, Dept. Mech. and Aero. Eng., Charlottesville, VA, USA 
2 University of Virginia, Engineering Physics, Charlottesville, VA, USA 

3 University of Virginia, Dept. Materials Science and Eng., Charlottesville, VA, USA 
 
Alloys and amorphous materials have applications in a variety of thermal technologies, including heat 
assisted magnetic recording, phase change memory, and thermal barrier coatings, among many others. 
Yet, in comparison to crystalline materials, little is known about energy transport in these disordered 
materials, especially on the micro- and nanoscales. To this end, we present recent experimental and 
computational investigations that link the transport properties of this class of materials to the 
microstructure. 

 
The microstructure of an alloy is defined by its composition and order parameter. The order parameter 
takes on values between zero and one, with a value of zero corresponding to complete disorder, and a 
value of one corresponding to the crystalline phase. We varied the order parameters of Fe0.5Pd0.5 alloys by 
subjecting them to different heat treatments and we measured the resulting thermal conductivities with 
TDTR. The alloys showed increased thermal conductivity with order parameter over the tested range. To 
better understand the observed relationship between order parameter and thermal conductivity, we 
performed calculations on simulated Si0.5Ge0.5 alloys. We systematically generated alloys with 
independent long-range and nearest neighbor (short-range) order parameters and tested them using 
molecular dynamics simulation to calculate the thermal conductivity and mode relaxation times. By 
decoupling the short- and long-range order parameters, we found that the short-range order parameter is 
the dominant factor, accounting for nearly the entire change in mode relaxation times. This suggests that 
the long-range order parameter of a real alloy, as probed by X-ray diffraction, determines the thermal 
properties insofar as it changes the short-range order parameter of the alloy. 

 
Just as we seek to connect alloy transport properties to the microstructure, and ideal model of transport in 
amorphous materials would depend on its microstructure, as defined by the radial distribution function. 
We generated simulated samples of amorphous silicon with various methods and potentials to measure 
the impact on the thermal properties. Using a transient and localized heat pulse, in combination with 
wavelet analysis, we were able to measure the frequency dependent thermal diffusivity of the simulated 
amorphous silicon. Our results corroborate the Allen-Feldman theory of thermal transport in amorphous 
materials and efforts are underway to translate the theory's concepts into an analytical model 
incorporating the microstructure, aiding device engineers. 
 
 



 

 18

New formulation of dissipative particle dynamics: Non-Markovian 
models 

I. Kinefuchi1, Y. Yoshimoto1, T. Mima1, A. Fukushima2, T. Tokumasu2, and S. Takagi1 
 

1 Department of Mechanical Engineering, The University of Tokyo 
2 Institute of Fluid Science, Tohoku University 

 
The dissipative particle dynamics (DPD) method is one of the powerful tools for simulating mesoscale 
flows because the DPD simulation can be extended over larger domains and longer time scales compared 
with molecular dynamics (MD) simulation. The conventional DPD method is based on a top-down 
coarse-graining approach since the DPD parameters are designed to recover macroscopic properties such 
as compressibility and diffusivity. However, such a simple matching procedure may not be applicable to a 
complex fluid system involving the matching of multiple properties. 
 
In the present study, we derive the equation of motion for non-Markovian dissipative particle dynamics 
(NMDPD) by introducing the history effects on the time evolution of the system [1]. Our formulation is 
based on the generalized Langevin equation [2], which describes the motions of the centers of mass of 
clusters comprising microscopic particles (Fig. 1a). The mean, friction, and fluctuating forces in the 
NMDPD model are directly constructed from an underlying MD system without any scaling procedure. 
For the validation of our formulation, we construct NMDPD models from high-density Lennard-Jones 
systems (Fig. 1b), in which the typical time scales of the coarse-grained particle motions and the 
fluctuating forces are not fully separable. The NMDPD models reproduce the temperatures, diffusion 
coefficients, and viscosities of the corresponding MD systems more accurately than the DPD models 
based on a Markovian approximation. Our results suggest that the NMDPD method is a promising 
alternative for simulating mesoscale flows where a Markovian approximation is not valid. 
 
[1] Y. Yoshimoto, I. Kinefuchi, T. Mima, A. Fukushima, T. Tokumasu, and S. Takagi, Phys. Rev. E 88, 
043305 (2013).  
[2] T. Kinjo and S. Hyodo, Phys. Rev. E 75, 051109 (2007). 
 

  

Fig. 1: (a) Schematic of clusters containing LJ particles. The center of mass of each cluster is regarded 
as a coarse-grained particle. (b) MD system employed for the construction of the NMDPD model. The 
clusters are tinted in eight colors for easy identification. 
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Coupling of heat and spin currents in cuprates and metallic 
multilayers 

David G. Cahill, Greg Hohensee, and Gyungmin Choi 
 

Department of Materials Science and Engineering and Materials 
Research Laboratory, University of Illinois, Urbana, Illinois 61801 

 
I will discuss two aspects of the coupling of spin and heat transport that we are probing using time-
domain thermoreflectance (TDTR) and time-domain magneto-optic Kerr effect (TR-MOKE). Low-
dimensional quantum magnets based on copper oxides (Sr14Cu24O41, La2CuO4, CaCu2O3), 
demonstrate that electrons and phonons are not the only significant carriers of heat in materials. Near 
room temperature, the magnon thermal conductivity is comparable to the electronic thermal 
conductivities of metal alloys. At high modulation frequencies, the thermal conductivity is suppressed by 
non-equilibrium between phonons and magnons on short length scales. We extract the effective strength 
of magnon-phonon coupling from the TDTR data using a two temperature model. In metallic multilayers, 
we are studying the generation of ultrafast spin currents using fast temperature excursions and strong 
temperature gradients. Thermally-driven demagnetization of ferromagnetic layer with perpendicular 
magnetization produces a transient spin current with duration of ~1 ps. In addition, a heat current passing 
through a ferromagnetic layer generates a spin current due to the spin-dependent Seebeck effect. We 
directly observe spin accumulation in the time domain using TR-MOKE and an optically opaque Cu layer 
as a transducer. We calibrate the size of the spin currents by quantifying the spin transfer torque applied 
to an in-plane ferromagnetic layer. 
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Heat Transfer in Non-Linear and Highly Anisotropic Systems 
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Various modern devices involve materials and structures that are highly anisotropic and/or non-linear. 
Here I will briefly summarize two examples from our recent work.   
 
First, the Cahill-Pohl / Einstein model of the minimum phonon thermal conductivity, kMin, has been 
generalized for layered materials with highly anisotropic bonding (soft cross-plane and stiff in-plane). The 
resulting anisotropic Debye model [1] shows how the already low cross-plane conductivity is further 
reduced by phonon focusing caused by the stiff in-plane bonding [2]. As a result, kMin of a layered 
material with anisotropic bonding is lower than kMin of a corresponding isotropic material based on the 
weakest bonding available in the original anisotropic material [3]. These observations help explain the 
ultra-low thermal conductivity measured in WSe2 and other highly anisotropic layered materials [4]. 
 
Second, we present experimental results for a ballistic thermal rectifier based on anisotropic reflections of 
photons by pyramidal mirrors. Control experiments verify recent theoretical predictions that this 
mechanism also requires a non-linear thermal collimator element, due to a fundamental constraint of the 
2nd Law of Thermodynamics. Experiments confirm both effects: With pyramids and collimator the 
thermal rectification is 10.9% ± 0.8%, while without the collimator no rectification is detectable (< 0.3%) 
[5]. 
 
References 
 
[1] Z. Chen, Z. Wei, Y. Chen, and C. Dames, “Anisotropic Debye model for the thermal boundary 
conductance,” Physical Review B 87, 125426 (2013). 
 
[2] Z. Wei, Y. Chen, and C. Dames, “Negative correlation between in-plane bonding strength and cross-
plane thermal conductivity in a model layered material,” Applied Physics Letters 102, 011901 (2013). 
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Recently, heat conduction through the organic substances attracts a great attention due to the capability of 
controlling thermal conductance by molecular chain alignment or molecular organization, ranging from 
low thermal conductivity in a usual disordered polymer bulk to high thermal conductivity in a elongated 
polymer wire or highly aligned alkyl thin films. Therefore, soft matters comprised of organic molecules 
and polymeric materials, for example, are promising candidates for heat transfer materials applied 
particularly to nanoscale devices. In this study, we performed molecular dynamics (MD) simulations on 
two kinds of organic substances: self-assembled monolayer (SAM) and crosslink polymers, in order to 
examine heat transfer characteristics inside the alkyl chains and over the SAM–solvent interfaces. To 
analyze thermal energy transfer in detail, we executed the decomposition of energy transfer modes in a 
real-space description from the molecular dynamics perspective, i.e., total heat flux was decomposed into 
the internal energy transfer associated with molecular motions and the energy exchange by molecular 
interactions like covalent-bond interactions and intermolecular interactions [1]. 
 
As for the SAM–solvent interface systems, we showed that an alkanethiolate SAM modification on the 
gold substrate enables to increase the overall thermal boundary conductance (TBC) at the SAM–toluene 
interface as compared with the bare gold interface [2]. Furthermore, the detailed energy carriers inside the 
SAM were examined by using energy decomposition techniques. We found that most of the thermal 
energy is transferred by the covalent-bond interactions inside the alkyl chains of SAM due to a highly-
ordered alignment of SAM molecules along the heat transfer direction and the SAM layer consequently 
exhibits significantly high thermal conductivity. The effects of terminal groups or adsorption density of 
SAM on TBC was investigated as well. It was found that the affinity between SAM terminal and solvent 
greatly affects local TBC at the SAM–solvent interface. 
 
In the context of energy transfer inside polymer chains, the variation of thermal conductivity with 
changing internal molecular-scale structure in the typical amorphous polymers was investigated. Here we 
measured thermal conductivity of cross-linked polyethylene (PE) and polystyrene (PS) for a range of 
crosslink concentration [3]. Crosslink formation increased conductivity more or less linearly with the 
crosslink concentration for PE. On the other hand, in the PS case, the magnitude of change in thermal 
conductivity was insignificant. This striking difference is presumably attributed to highly heterogeneous 
PS based network including phenyl side groups. In order to elucidate the mechanism for the increase of 
thermal conductivity in the PE case, the decomposition scheme monitoring energy transfer modes was 
also applied. As a result, it was found that the rise of conductivity is mostly dominated by the covalent-
bond interaction which is introduced by crosslink bonds between polymer chains. Our analyses of heat 
transfer phenomena could shed light on the microscopic mechanisms of the heat conduction particularly 
in soft matters or organic substances. 
 
[1] D. Torii, T. Nakano, and T. Ohara, J. Chem. Phys. 128, 044504 (2008).  
[2] G. Kikugawa, T. Ohara, T. Kawaguchi, E. Torigoe, Y. Hagiwara, and Y. Matsumoto, J. Chem. Phys. 
130, 074706 (2009). 
[3] G. Kikugawa, T. G. Desai, P. Keblinski, and T. Ohara, J. Appl. Phys. 114, 034302 (2013). 
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Comparing to the understanding of thermal conductivity of inorganic materials, the exploration on 
structure-thermal conductivity relationship in nanostructured polymers is still in its nascent stage. In this 
talk, we will show two examples of our study on thermal conductivity of nanostructured polymers using 
the ultrafast laser-based frequency-dependent time-domain thermoreflectance method: 1). 
Ultrathin polymers have recently been shown to exhibit different chain dynamics and physical 
properties, as compared to their bulk counterparts. Our measurement shows that the effective thermal 
conductivity of PS films increase with decreasing film thickness when the thickness of the PS film is 
comparable to or smaller than the radius of gyration of bulk PS. By correlating the effective thermal 
conductivity with the ratio of the film thickness to radius of gyration, we find that this increase is mainly 
due to the increase of interfacial thermal conductance between PS thin film and the substrate, which likely 
results from the changing chain structure near the PS/substrate interface. 2). Atomic layer deposition 
(ALD) and molecular layer deposition (MLD) techniques with atomic level control enable a new class of 
hybrid organic–inorganic materials with improved functionality. The cross-plane thermal conductivity 
and volumetric heat capacity of three types of hybrid organic–inorganic zincone thin films fabricated by 
molecular layer deposition (MLD) and alternate atomic/molecular layer deposition (ALD/MLD) 
processes were measured. We revealed the critical role of backbone flexibility in the structural 
morphology and thermal conductivity of MLD zincone thin films by comparing the thermal conductivity 
of MLD zincone films with an aliphatic backbone to that with aromatic backbone. Much lower thermal 
conductivity values were obtained in ALD/MLD-enabled hybrid organic–inorganic zincone thin films 
compared to that of the ALD-enabled W/Al2O3 nanolaminates reported by Costescu et al. 
[Science 2004, 303, 989–990], which suggests that the dramatic material difference between organic and 
inorganic materials may provide a route for producing materials with ultralow thermal conductivity. 
 



 

 23
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Lead Telluride (PbTe) has been a popular material for studying lattice anharmonicity because it exhibits 
intrinsically low lattice thermal conductivity (2.0-2.2 Wm-1K-1 at room temperature) [1]. We have recently 
revealed that the strong lattice anharmonicity causes the coupling between longitudinal acoustic (LA) and 
transverse optical (TO) phonons, and it inhibits heat conduction of LA phonons [2,3]. Further anomalous 
anharmonic characteristic of PbTe lattice dynamics have been observed by neutron scattering experiments 
[4,5]. The radial distribution function (RDF) for the nearest neighboring Pb and Te atoms obtained from 
neutron diffraction experiments [4] was found to deviate from a symmetric Gaussian profile. In addition, 
inelastic neutron scattering (INS) experiments [5] have found a peak emerging at zone center is different 
from the longitudinal optical (LO) phonon (double peak) [5]. In this work, by performing classical 
molecular dynamics simulation with non-empirical force field, we have investigated the peak asymmetry 
in the RDF, and the double peak in the phonon spectra. The calculated RDF between Pb and its nearest 
neighboring Te atoms exhibit an non-Gaussian profile with the distortion increasing with temperature, 
while RDFs for Pb(Te)-Pb(Te) atoms remain Gaussian. As for the phonon spectra, by calculating the 
dynamical structure factor, we identified the double peak of TO modes with the magnitude also increasing 
with temperature. By parameterizing the anharmonic interatomic force constants (a-IFCs), the origin for 
non-Gaussian RDF and double peak of TO modes was clarified to be the cubic a-IFCs of nearest 
neighboring Pb and Te atoms along [100] direction, which are much larger than the other cubic a-IFCs.  
 
[1] H. J. Goldsmid, Introduction to Thermoelectricity (Springer, Heidgelberg, 2009).  
[2] T. Shiga, J. Shiomi, et al., Phys. Rev. B 85, 155203 (2012). 
[3] Z. Tian, J. Garg, et al., Phys. Rev. B 85 184303 (2012).  
[4] E. S. Bozin, C. D. Malliankas, et al., Science 330, 1660 (2010).  
[5] O. Delaire, J. Ma, et al., Nat. Mater. 10, 614 (2011). 
[6] T. Shiga, T. Murakami, T. Hori, O. Delaire, and J. Shiomi, Appl. Phys. Express 7, 041801 (2014). 
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Higher manganese silicide (HMS) has been studied for several decades as a p-type thermoelectric 
material that is made of non-toxic and earth-abundant elements. Among its attractive properties for high-
temperature thermoelectric power generation, HMS is characterized with good chemical, thermal, and 
mechanical stability at elevated temperatures and in reactive gases. Moreover, the complex Nowontny 
Chimney Ladder (NCL) crystal structure of HMS gives rise to already very low and anisotropic thermal 
conductivity even in HMS crystals. Although the thermoelectric properties of HMS materials of different 
impurity doping have been obtained from past studies, there is a lack of fundamental understanding of the 
phonon dynamics including the phonon dispersion in the complex NCL structure, and it is unclear 
whether the already low lattice thermal conductivity of HMS can be suppressed much further. Here I will 
review the recent efforts of my co-workers in obtaining the phonon dispersion of HMS crystals from 
inelastic neutron scattering measurements and density functional theory calculation, and in suppressing 
the HMS thermal conductivity by elemental substitution and in nanostructures. These studies suggest the 
presence of numerous low-lying optical phonon branches in the complex NCL structure, especially a very 
low-lying twisting polarization of the Si ladder in the Mn chimney. The twisting polarization undergoes 
several avoided crossing with the three acoustic branches, and is expected to scatter the acoustic phonons. 
In addition, the anisotropic thermal conductivity found in HMS crystals is mainly caused by the 
anisotropy in the group velocity. The obtained phonon dispersion is further used to suggest that glass-like 
thermal conductivity can be obtained in nanostructured HMS with a grain size of about 10 nm without 
reducing the thermoelectric power factor. While this prediction is being examined by experiments with 
both individual HMS nanostructures and nanocrystalline bulk HMS, partial substitution of Mn with 
heavier Re has been used to obtain a thermal conductivity approaching the amorphous limit at high 
temperatures.                  
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teasing out the thermal part 
Carlo Canetta and Arvind Narayanaswamy 

 
Department of Mechanical Engineering, Columbia University, New York, NY 10027 

 
Bi-material microcantilevers, with their high sensitivity to thermal stimuli, are ideally suited sensors for 
investigating nanoscale heat transfer. We have designed and fabricated low thermal conductance bi-
material microcantilevers by minimizing their width and thickness. Using such cantilevers, we have 
demonstrated heat flux resolution of less than 1 picowatt. A pair of such cantilevers is proposed as a 
configuration for measuring thermal conductance of a nanostructure suspended between the two. In our 
cantilever technique, two lasers are focused, one on each cantilever. One laser is modulated to vary the 
temperature at the end of one cantilever, while the second laser senses variation in heat flow through the 
second cantilever due to thermal conduction along the nanowire. We have measured the stray 
conductance between the cantilevers, i.e., the spurious conductance measured when no object is 
suspended between the two cantilevers, to be less than 0.05 nW/K. 
 
Segments of electrospun polymeric nanowires are suspended between the two cantilevers and the heat 
flow through such nanowires is quantified by measuring the deflection of the sensing cantilever for a 
known, laser-induced deflection of the sensing cantilever. Results of measurements from polystyrene 
nanowires will be presented. The deflection of the sensing cantilever is influenced by two factors: (1) heat 
flow through the nanostructure, and (2) deflection because of mechanical coupling. We will discuss the 
effects of mechanical deflection and techniques to eliminate it.  
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Non-intrinsic Sharvin resistance between nanostructures 
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In thermal transport, Sharvin resistance denotes the contact resistance when the phonon mean free path is 
much larger than the contact size, which is also known as the ballistic contact resistance. The Sharvin 
resistance between two bulk materials forming a point contact has been derived as the ratio of the phonon 
mean free path to the product of the thermal conductivity of the materials and the contact area. As such, 
the contact conductance per unit area is independent of the contact size, which can be regarded as an 
intrinsic value. With the rapid development of nanotechnology, it is common to encounter situations with 
individual nanostructures forming point contacts, as can be seen in various nanocomposites such as those 
with carbon nanotubes (CNTs) and various polymers. After extensive efforts of using CNTs to tune the 
thermal conductivity of polymers, the enhancement is still far below the predicted values based on the 
particle mixing theory, which has been attributed to the contact resistance between CNTs and between 
CNTs and host materials. However, to date, a good understanding of the contact thermal resistance 
between two CNTs is still lacking. Through systematic measurements of contact thermal conductance 
between different diameter individual multi-walled CNTs, we show that the normalized contact 
conductance per unit area still linearly proportional to the tube diameter, which is surprising. Further 
analyses indicate that the contact thermal conductance is Sharvin type in nature because of the 
unexpectedly long phonon mean free path in the cross-plane direction for graphite. In this case, phonon 
reflection from nearby free surfaces modulates the Sharvin resistance, renders it non-intrinsic and 
dependent on the nanostructure size even after normalized with the contact area. 
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Thermal transport across organic-inorganic interfaces 
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A self-assembled monolayer (SAM) junction is a periodic monolayer of organic molecules that bridges 
two metallic or semiconducting contacts. A nanocrystal array (NCA) is a periodic, three-dimensional 
array of metallic or semiconducting nanoparticles decorated with organic molecules. The electronic 
structure of these low-cost organic-inorganic hybrid materials can be carefully tuned, making them 
attractive alternatives to semiconductors in thermoelectric, photovoltaic, and electronic applications. 
While the electronic properties of SAM junctions and NCAs have been extensively studied, their thermal 
properties have received less attention. 
 
To address this knowledge gap, we use molecular dynamics simulations and lattice dynamics calculations 
to predict the thermal conductance of SAM junctions of the thermal conductivities of NCAs. The 
modeling predictions are directly compared to experimental measurements. For the SAM junction, we 
resolve a long-standing discrepancy between measurements and predictions by considering the imperfect 
contact due to surface roughness. We find that the degree of vibrational overlap between the two contacts 
can be used to tune the junction thermal conductance. For the NCA, we examine the effects of 
nanoparticle size and composition on thermal conductivity. The organic-inorganic interfaces are found to 
be an important source of thermal resistance. 
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Thermal and Thermoelectric Transport in Nanostructures  
Renkun Chen 

 
Department of Mechanical and Aerospace Engineering 

University of California, San Diego 
 
During the last decade we have witnessed tremendous advancement in characterization and understanding 
of thermal transport in nanostructures, particularly in the ‘phonon boundary scattering’ regime where the 
characteristic size of nanostructures is comparable to phonon mean free path. However, there is little 
experimental work on thermal transport in nanostructures when the size is even smaller, approaching to 
that of phonon wavelength, which for most semiconductors ranges from 1 to 10 nm. For instance, it is not 
clear if the phonon spectra will be modified due to the spatial confinement effect, and if so, what would 
be the effect on thermal transport properties. In this presentation, I will discuss our recent work on using 
rationally designed nanostructures to study nanoscale thermal and thermoelectric transport phenomena in 
this regime, i.e., with sub-10 nm characteristic size. I will describe the instrumentation we developed that 
enables the characterization of thermal transport and related properties of these nanostructures and discuss 
and interpret the measurement results.  
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Near-Field Radiative Transfer Enhanced by Graphene Covered 
Nanostructures 
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Tunneling of evanescent modes enables the radiative heat flux to be several orders of magnitude higher 
than that between far-field blackbodies, especially when surface plasmon polaritons (SPPs) are excited. 
Due to its unique characteristics, graphene can support surface plasmons with low loss and excellent 
tunability ranging from near-infrared to terahertz frequencies. Graphene has been reported for tailoring 
the near-field heat transfer and improving the efficiency of TPV cells. However, the near-unity photon 
tunneling probability occurs only in narrow wavevector or k-space where coupled SPPs are excited. This 
study explores hybridized modes based on graphene-covered nanostructured materials, such as doped-
silicon nanowires (D-SiNWs) and periodic grating structures. For D-SiNWs, the dielectric functions have 
opposite signs for orthogonal electric field directions; therefore, the isofrequency contour is hyperbolic 
and evanescent waves in vacuum become propagating waves in the medium. Therefore, the tunneling 
probability can be improved with hyperbolic metamaterials in a broad frequency region. By combining 
graphene plasmons and hyperbolic modes, it is shown that photon tunneling with near-unity probability 
across a broad frequency range and large k-space for enhancing near-field heat transfer. As a result, the 
near-field heat transfer coefficient between doped-silicon-nanowire hyperbolic metamaterials can be 
further improved by several folds when covered by a graphene sheet, leading to near-field blackbody 
behavior. 
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Effect of film thickness on near-field radiative transport 
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Near-field radiative thermal transport has attracted increasing attention recently, with orders-of-
magnitude heat transfer enhancement already demonstrated between bulk materials. Using a novel 
custom-built experimental platform, we conducted a systematic investigation of the effect of film 
thickness on the near-field heat transport properties. By studying thermal radiation between a hot silica 
microsphere and thin silica films of varying thicknesses (50 nm to 3 microns), at different gap sizes (30 
nm to 10 microns), we found substantial enhancements in heat transport properties due to near-field 
effects, even for the thinnest films when the gaps size was comparable to the film thickness. Further, we 
find that at larger separations (~1 micron), the thicker films show substantially larger near-field 
enhancement than thinner films. These results provide the first direct evidence of a distance dependent 
penetration depth in thin films.   
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Nanoscale Thermal Phenomena in Heat-Assisted Magnetic 
Recording 
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Heat-Assisted Magnetic Recording (HAMR) uses a near-IR laser to heat a small area of a magnetic 
recording medium in order to reduce its coercivity below that of the magnetic field generated by the 
recording head. This enables writing of data in only the small heated region. Confinement of optical 
energy delivered to the magnetic recording medium, and the resulting thermal response, are critical to 
HAMR’s ability to deliver high-density, reliable data storage. The focusing of laser energy is achieved 
using a gold near-field transducer (NFT) that creates a 50 nm-wide heated region, well below the 
diffraction limit of the laser light. The laser excitation of the NFT and the near-field energy transfer create 
intense heat fluxes, on the order of 1 TW/m2, and temperature gradients with magnitudes in excess of 10 
GK/m. 
 
In this presentation we will introduce thermo-optical models employed to study the thermal response of 
an NFT and recording media during HAMR operation. Within these models a collection of nanoscale 
thermal phenomena can be accounted for, including experimentally determined size-dependent thermal 
conductivities, measured metal-dielectric and metal-metal interface resistances, two-carrier electron-
phonon transport, and the ballistic transport of hot electrons. Even with these effects, the models 
ultimately rely on the heat diffusion equation, and the validity of such will be open for discussion. 
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Spatially-resolved measurement of nanochannel flows by evanescent 
wave-based particle tracking velocimetry 
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The field of nanofluidics for single molecule analysis, ultra filtration and energy conversion has been 
expanded with recent micro/nanotechnology. Since liquids in nanospace with dominant surface effects are 
in a transitional regime from single molecules to continuum, specific fluid properties different from bulk 
can be expected. Previously, our group has revealed unique properties in size-regulated 10-1000 nm 
spaces such as higher viscosity, lower dielectric constant and higher proton mobility [1]. However, fluid 
flow in nanochannels is still unknown owing to lack of measurement method because nanochannel is 
smaller than light wavelength. For breaking through the limitation, evanescent wave light, which 
penetrates from the surface within 100 nm-order distance, is a key optical phenomenon. In this study, we 
developed evanescent wave-based particle tracking method for measuring flow profile in nanochannel. 
 
Carboxylate-modified fluorescent polystyrene particles of 64 nm diameter were used as flow tracer and 
seeded into water at volume fraction of 0.002%. The particles flowing through a fused-silica nanochannel 
of 50 μm width and 410 nm depth were illuminated by the evanescent wave of 532 nm wavelength 
generated at a glass-liquid interface. Since the evanescent wave exponentially decays from the interface, 
the position of nanoparticle in the nanochannel was determined by using the fluorescent intensity detected 
by an EMCCD camera. From sequential images of fluorescent particles, the velocity distribution was 
obtained. 
 
Velocity profiles of pressure-driven flow in the nanochannel were successfully measured for the first time. 
The velocities show parabolic profiles with approximate agreement with Hagen-Poiseuille flows. 
However, the results show slip velocities at the wall even in the fused-silica nanochannel, which is 
considered to have strong interaction between water molecules and hydrophilic surface. A possibility of 
appearance of nanoscale molecular behavior in the fluid flow can be considered. Further development of 
the method with much smaller tracer is required for detailed understanding. 
 

 
Fig. 1: (a) Schematic of a measurement system. (b) Velocity profiles of pressure-driven flow by 100-300 

kPa pressure in the nanochannel (solid line: Hagen-Poisseuille equation, dotted line: fitting). 
 
[1] T. Tsukahara, K. Mawatari, and T. Kitamori, Chem. Soc. Rev. 39, 1000 (2010).  
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Nanoparticle suspensions, popularly termed “nanofluids,” have been extensively investigated for their 
thermal and radiative properties. Such work has generated great controversy, although it is (arguably) 
generally accepted today that the presence of nanoparticles rarely leads to useful enhancements in either 
thermal conductivity or convective heat transfer. On the other hand, there are still examples of 
unanticipated enhancements to some properties, such as the specific heat of molten salt-based nanofluids 
reported by Shin and Banerjee (2011). Another largely overlooked example is the reported effect of 
nanoparticles on the effective latent heat (hfg) of aqueous nanofluids, as reported by Ameen et al. (2010). 
Through molecular dynamics (MD) modeling supplemented with limited experimental data they found 
that hfg increases with increasing nanoparticle concentration, for Pt nanoparticles (MD) and Al2O3 
nanoparticles (experiments). Here, we extend those exploratory experiments in an effort to determine if 
hfg of aqueous nanofluids can be manipulated, i.e., increased or decreased by the addition of graphite or 
silver nanoparticles. Our results to date indicate that, yes, hfg can be substantially impacted, by up to ± 
30% depending on the type of nanoparticle. 
 
References 
Ameen, M.M., Prabhul, K., Sivakumar, G., Abraham, P.P., Jayadeep, U.B., & Sobhan, C.B., 2010, 
“Molecular dynamics modeling of latent heat enhancement in nanofluids,” International Journal of 
Thermophysics 31, pp. 1131-1141. 
 
Shin, D., & Banerjee, D., 2011, “Enhanced specific heat of silica nanofluid,” Journal of Heat Transfer 
133, pp. 024501. 
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The adsorption–desorption isotherms and relaxation rates of water in Zirconium-doped two-dimensional 
hexagonal mesoporous silica with pore diameters of 3.8 nm were measured at 283–298 K using a 
gravimetric method. A type V adsorption–desorption isotherm with significant hysteresis was obtained. 
The adsorption layer was formed on the pore surface at low relative pressure of water vapor, capillary 
condensation was initiated at around 0.4–0.6 relative humidity, and then pore filling was completed near 
the saturated vapor pressure. Regarding to the kinetics, the relaxation rate of water uptake in the capillary 
condensation state was much lower than that in the layer-adsorption state or pore-filling state. The 
isotherms and relaxation rates during desorption had a similar trend. Effects of the hydrophilicity of 
mesopores and temperature on the adsorption–desorption kinetics suggest that the water transport 
mechanism in mesopores includes activated processes. The activation energy for water transport in the 
mesopores estimated by the temperature dependence of the relaxation rate ranged from 20 to 50 kJ mol−1 
and the activation energy decreased with increasing the relative humidity. When capillary condensation 
and evaporation occur, the relaxation curve could be estimated by the Fickian diffusion equation at a 
small stepwise change in relative humidity. The relaxation curves at large stepwise change in relative 
humidity suggest that the transport mechanism could be liquid-water flow due to capillary action [1, 2, 3]. 
 
In order to investigate the kinetics of water uptake into mesoporous silica in detail, canonical ensemble 
molecular dynamics simulations were performed using a model of mesoporous silica thin film [4, 5, 6]. 
The calculation results showed that the kinetics of water uptake depended on the number of water 
molecules and there were two different transport mechanisms in the pore. One was diffusion of water 
along the pore surface, and the other was capillary rise of liquid water. The transport mechanism at small 
stepwise change in relative humidity could be surface diffusion, while that at the large stepwise change 
could be liquid-water flow due to capillary action. 
 
[1] H. Yanagihara, K. Yamashita, A. Endo and H. Daiguji, J Phys. Chem. C 117, 21795-21802 (2013) 
[2] K. Yamashita, A. Endo and H. Daiguji, J. Phys. Chem. C 117, 2096-2105 (2013) 
[3] A. Endo, T. Yamaura, K. Yamashita, F. Matsuoka, E. Hihara and H. Daiguji, J. Colloid Interface Sci. 
367, 409-414 (2012) 
[4] K. Yamashita and H. Daiguji, J. Phys. Chem. C 117, 2084−2095 (2013) 
[5] K. Shirono, N. Tatsumi and H. Daiguji, J. Phys. Chem. B 113, 1041-1047 (2009) 
[6] K. Shirono and H. Daiguji, J. Phys. Chem. C 111, 7938-7946 (2007) 
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On the oxygen transport in cathode catalyst layer of PEFCs 
P.-T. Nguyen1, Y. Ono1,2 and K. Fushinobu1 

 
1 Tokyo Institute of Technology, Meguro-ku, Tokyo 152-8552, Japan 

2 Nissan Motor Co. Ltd., Yokosuka, Kanagawa 237-8523, Japan 
 

PEFC (polymer electrolyte fuel cells) is a promising energy conversion device for stationary, portable, 
and automobile applications. Fuel cell based cogeneration system for households have been deployed 
over fifty thousands units in Japanese households and are increasing the number. Major automobile 
companies are targeting their FCV (fuel cell vehicle) sales from in near future. 
 
One of the recent issues associated with the nanoscale transport phenomena in PEFCs is the transport 
process of oxygen molecules in the cathode catalyst layer. PEFC consists of polymer electrolyte, catalyst 
layers on both sides of the polymer electrolyte, gas diffusion layer and the gas channels. Supplied oxygen 
gas from the gas channel diffuses across the gas diffusion layer and the catalyst layer to take place the 
charge transfer reaction process to produce electricity. Therefore the enhancement of the oxygen transport 
in the catalyst layer is crucial to improve the performance of the PEFCs. 
 
The authors have investigated the oxygen transport characteristics in the cathode catalyst layer of PEFCs. 
One of the major factors to govern the oxygen transport is the water uptake in the catalyst layer and the 
associated structural issue of the catalyst layer. Effect of the equivalent weight and the supply gas relative 
humidity are controlled to examine the effect of the water uptake in the catalyst layer. 
 
Partial pressure of the oxygen in the cathode gas is controlled in order to discriminate the Knudsen 
diffusion in the cathode catalyst layer from the bulk diffusion process. Porosimetry is conducted to 
evaluate the pore structure of the catalyst layer and a simple mathematical model is developed to evaluate 
the experimental results. The results showed the impact of various parameters.  
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Self-generated chemical gradients guide the migration of cancer 
cells 

Daniel Irima 
 

Massachusetts General Hospital and Harvard Medical School, Boston, MA 
 
Cancer cells often migrate away from the primary tumor to form distant metastases which are the cause of 
death in 90% of cancer patients. Blocking or delaying the migration of cancer cells could extend the life 
of cancer patients. However, our current understanding of the conditions that favor cancer cell migration 
is very limited. Research using animal models is relevant to disease but complicated by the variability of 
many microenvironment factors. Research using in vitro assays has better control of the conditions but its 
relevance is frequently questioned. To circumvent these limitations, we built a series 
of microfluidic assays in which cancer cells have to migrate through microscopic mazes of channels that 
are uniformly pre-filled with standard cell culture media. Surprisingly, cancer cells from patients can exit 
the maze along the shortest path in the absence of any external cues. More than 80% of cells exit, two 
orders of magnitude more than expected from random migration through the maze. This unexpected result, 
in conjunction with biophysical models and additional microscale engineering tools, helped us uncover a 
novel, self-guidance strategy during which cancer cells generate their own guiding cues. This strategy 
does not require pre-existing chemical gradients, is not bound by the spatial limits of any gradient, and 
locks the cells into a self reinforcing loop of persistent migratory phenotype. Overall, our findings could 
lead to new therapeutic approaches for delaying cancer cell invasion and stopping cancer metastasis. 
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Alternative Approach to Ballistic Phonon Transport 
Jesse Masssen 

 
Department of Electrical Engineering, Purdue University, IN 

 
In recent years, the importance of understanding the nature of heat transport on short length- and time-
scales, where ballistic effects can be significant, has become evident from both scientific and engineering 
standpoints. From a scientific viewpoint, there is interest in: i) understanding how ballistic transport can 
reduce the contribution of long mean-free-path phonons in nano-structures and how this can be exploited 
to determine the mean-free-path distributions of materials; and ii) providing a detailed explanation of the 
role of ballistic phonons in the observed change in thermal conductivity as a function of a frequency-
dependent power input. From an applications standpoint, size- and time-dependent variations in thermal 
transport properties can impact (negatively or positively) important technological issues including: i) self-
heating and power dissipation in high-frequency nano-scale electronic devices; and ii) the design of state-
of-the-art thermoelectric materials with multiple-scale defects intended to scatters phonons of different 
wavelengths and effectively reduce the thermal conductivity. 
 
In this talk, I will present an alternative approach, an extension of the McKelvey-flux method, to study 
heat transport phenomena at all length- and time-scales. This approach readily spans ballistic, quasi-
ballistic and diffusive phonon transport regimes, and can thus provide clear insight into the detailed role 
of ballistic effects. It is relatively easy to implement numerically and even permits analytical solutions for 
important, special cases. I will show how the McKelvey-flux method is connected to, and can even go 
beyond, other common approaches such as the Landauer formalism, Fourier's law, the heat equation and 
the Cattaneo equation. Interestingly, it is found that one can capture ballistic transport effects by solving 
the traditional heat equation, or Fick's law, and simply implementing the right physical boundary 
conditions. There is a clear connection and analogy to electron transport, for which the McKelvey-flux 
method was originally developed that will be discussed. This predictive theory relies solely on 
fundamental physical parameters, such as the phonon band velocity and mean-free-path, which can be 
extracted or calculated for bulk materials. Finally, I will present recent results, using the McKelvey-flux 
method, to problems where ballistic effects are important, including a solution of heat current and 
temperature in the case of a frequency-dependent power input. 
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MEMS Measurements of Boiling Heat Transfer with a Single 
Bubble 

T. Yabuki1, O. Nakabeppu2 
 

1 Kyushu Institute of Technology, 1-1 Sensui-cho, Tobata-ku, Kitakyushu 804-8550, Japan 
2 Meiji University, 1-1-1Higashimita, Tama-ku, Kawasaki 214-8571, Japan 

 
Nucleate boiling has numerous industrial applications (e.g. cooling of CPUs and semiconductor power 
devices of electric vehicles and steam generation in electric power plants) because of its high heat transfer 
performance. Since the boiling includes phase change, solid-liquid-vapor interactions and micro- & nano-
scale heat transfer phenomena, it’s very difficult to accurately measure the boiling heat transfer. Thus, 
there have been unclear points in physical boiling mechanisms yet. On the other hand, the development of 
high-resolution diagnostics such as MEMS sensors and high-speed infrared cameras enables to measure 
fundamental heat transfer phenomena in nucleate boiling precisely [1]. 
 
In this study, a MEMS thermal measurement technique was applied to elucidate heat transfer mechanisms 
in the single bubble boiling of water. The MEMS sensor shown in Fig. 1 has thirteen micro temperature 
sensors and an electrolysis trigger on the upper surface, and two thin film heaters on the bottom surface. 
The electrolysis trigger consisting of two nickel electrodes can supply a tiny hydrogen bubble serving as a 
boiling bubble nucleus by electrolysis of water. So, we can generate a boiling bubble from the intended 
position (the gap of the trigger electrodes) at an intended timing. Fig. 2 indicated a local wall temperature 
beneath an isolated boiling bubble recorded at the sampling frequency of 50kHz. The measured 
temperature clearly indicates the local and fast heat transfer phenomena under the bubble, such as 
evaporation and dry-out of microlayer and rewetting of the dry-patch. The highly resolved wall 
temperature must be useful to verify the results of direct numerical simulations of boiling. The heat 
transfer characteristics of single bubble boiling were investigated by a quantitative heat transfer 
evaluation using the measured temperature data, such as features of the spatiotemporal distribution of the 
local heat flux, the contributions of each fundamental heat transfer phenomenon to the overall wall heat 
transfer, the contribution of microlayer evaporation to bubble growth, and the spatial distribution of the 
initial microlayer thickness. The microlayer evaporation was found to be the dominant heat transfer 
mechanism in the wall heat transfer, and the contribution of microlayer evaporation to bubble growth was 
about 50%.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

        
 
 
[1] J. Kim, Int. J. Multiphase Flow 35 (2009) 1067–1076. 

Fig. 1 MEMS sensor for pool boiling research. Fig. 2 Local wall temperature beneath a single bubble. 
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Nanoparticle Heat Transfer for Biomedical Applications 
John C. Bischof 

 
Department of Mechanical Engineering, University of Minnesota, MN 

 
Unique physical characteristics and properties of nanoparticles (1 – 100 nm) are supporting new 
opportunities for diagnostics and therapeutics in the field of nanomedicine. For example, gold and iron 
oxide nanoparticles have unique and tunable properties that allow transduction of optical (light), or 
radiofrequency (RF) electromagnetic fields to affect heating of biomaterials at multiple scales. This talk 
will explore the underlying physics and relative advantages of each form of nanoparticle heating and then 
introduce several applications. Specifically, optical excitation of gold is dramatically more efficient than 
radiofrequency heating of iron oxide and can be designed based on size and shape, as well as proper 
selection of the wavelength and fluence of incident light. However, properly selected RF fields can 
penetrate far more deeply into tissues than optical sources. This allows RF excitation of properly designed 
and deployed iron oxide (i.e. size, composition, distribution and aggregation state) to affect heating more 
deeply and uniformly than gold within biomaterials. After discussing these general capabilities, several 
applications are highlighted. First, laser heating of gold nanoparticles has demonstrated improvement of a 
common diagnostic assay (i.e. a lateral flow immunoassay or LFA) by creating a “thermal” vs. visual 
contrast. Further, RF heating of iron oxide has shown capabilities for improved cancer hyperthermia and 
regenerative medicine applications (i.e. rapid thawing of vitrified systems). In summary, this talk 
demonstrates the growing opportunity for nanoparticle heating in biomedical applications. 
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Nano Thermal Management beyond 50 kW/cm2 
Jungwan Cho, Yoonjin Won, Damena Agonafer, Aditya Sood, 
James Palko, Tom Dusseault, Matt Hoffman, Mehdi Asheghi 

 Juan Santiago, and Ken Goodson 
 

Mechanical Engineering Department, Stanford University 
Stanford, CA, 94305-3030. goodson@stanford.edu 

 
The peak heat generation rates that can be sustained in the highest power electronic devices – such as 
GaN radar amplifiers, monolithic 3D circuits, and vehicle power converters - are limited by a hierarchy of 
conduction and convection resistances from the junction to the ambient.   
 
We are working on conduction and convection technologies – based mainly on nanostructured materials 
and nanoscale materials integration - that extend fundamental cooling limits beyond 50 kW/cm2. 
Examples include the integration of synthetic diamond within nanometers of active junctions and the 
reduction of defects and phonon scattering in the key interfacial region. Two-phase heat exchangers 
include graded nanoporous metal bilayers and a hydrophobic capping region for improved stability. Also 
for heat exchangers, we are integrating these technologies with three-dimensional hierarchical routing for 
the liquid and vapor phases to strongly reduce the pressure drop and increase the system efficiency. 
 
Through continued attention to near-junction resistances and extreme flux convection, power densities 
that may exceed 100 kW/cm2 – depending on gate width and hotspot dimension – are feasible within 5 
years.   
 
[1] Cho, Li, Hoke, Altman, Asheghi, Goodson, 2014, "Phonon scattering in strained transition layers for 
GaN heteroepitaxy," Physical Review B, Vol. 89, 115301. 
 
[2] Cho, Li, Bozorg-Gayeli, Kodama, Francis, Ejeckam, Faili, Asheghi, Goodson, 2013, "Improved 
thermal Interfaces for GaN-Diamond composite substrates for HEMT applications," IEEE Transactions 
on Components, Packaging, and Manufacturing Technology, Vol. 3, pp. 79-84. 
 
[3] Won, Cho, Agonafer, Asheghi, and Goodson, "Fundamental Cooling Limits for GaN HEMT 
Technology," IEEE Compound Semiconductor Integrated Circuit Symposium (CSICS) 2013, Oct. 13-16, 
Monterey, CA, USA. 
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One-way phonon isolation in acoustic waveguides 
Jennifer Lukes 

 
Department of Mechanical Engineering, University of Pennsylvania, PA 

 
Using analytical methods and numerical simulations, we demonstrate the possibility of one-way phonon 
isolation in thin plate waveguides and double layer graphene nanoribbons. This isolation is enabled 
via spatio-temporal modulation of the waveguide material properties, which permits symmetry breaking 
such that a vibrational mode entering the waveguide from one direction is converted into a different 
vibrational mode while the same mode entering from the other direction propagates unchanged. Possible 
experimental implementation and applications for on-chip signal isolation in MEMS and NEMS devices 
will be discussed. 
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Thermal-aware Device Design of Nano-scale MOS Transistors and 
Graphene ReRAM Formed by Joule-Heating in Nano-dimensions 

K. Uchida, A. Shindome, and T. Takahashi 
 

Department of Electrical and Electronics Engineering, Keio University, Japan 
 

[Thermal Aware Device-Design of Advanced FETs] In order to suppress the short-channel effects 
(SCE) in aggressively scaled MOS transistors, three-dimensional transistor structure such as fin-type 
FETs (FinFETs) is now becoming a main-stream technology. In FinFETs fabricated on bulk Si substrate, 
sub-10-nm silicon slab is utilized as a channel layer [1] to realize good controllability of channel potential 
through gate voltage. However, because of worse thermal conductivity of silicon nano-structures, heat 
generated by Joule-hearing during transistor operation tends to stay around the channel and raises the 
channel temperature of transistors. The increased channel temperature degrades electron/hole mobility. 
Since carrier mobility is important for both analog and logic applications of transistors, the understanding 
of thermal properties of advanced MOS transistors is critically important. In this work, experimental data 
on the evaluation of thermal properties of advanced MOS transistors in operation will be shown. 
Moreover, strategies to enhance transistor performance by thermal-aware device design will be discussed. 

 
The thermal properties of MOS transistors are evaluated by AC conductance method and pulsed IV 
method [2]. The channel temperature is directly evaluated in MOSFETs with four-terminal gate electrode 
[3]. In particular, short-channel bulk and SOI (silicon-on-insulator) MOSFETs with various SOI and 
BOX (buried oxide) thicknesses are characterized through four-terminal gate electrode methods. Even in 
bulk MOSFETs and SOI MOSFETs with thin BOX significant increase in channel temperature is 
observed [4]. By utilizing device simulator, it is shown that traditional optimization methods such as 
resolving the trade-off between parasitic resistance and capacitances are not enough to achieve maximum 
performance in the case of three-dimensional transistors but consideration for device thermal property is a 
key. It is demonstrated that the power consumption can be reduced by thermal-aware device design. 

 
[Graphene ReRAMs] Another topic is the realization of two-terminal mono- and multilayer graphene 
nanoribbon resistive random access memories (ReRAMs) by utilizing Joule-heating in nano graphene. 
After the fabrication of graphene transistors, the graphene was electrically broken with high drain 
voltages. However, with adopting proper bias schemes, the broken graphene show ReRAM characteristic; 
broken graphene films recover/loose the resistivity. TEM observation after the electrical break-down 
reveals that the temperature of graphene becomes higher than the melting temperature of SiO2. The origin 
of ReRAM effects is investigated through physical analysis. 

 
[Conclusion] In nano-scale electronic devices, the understanding of thermal properties is important not 
only to achieve high performance and/or low power consumption but also to realize new-type of devices 
where high temperature by Joule-heating in nano structure is utilized. The collaboration between 
specialists on nano thermal engineering and electronic device engineers will be critically important. 
 
[1] C. Auth et al., Dig. of Symposium on VLSI Technology, 131, 2012. 
[2] N. Beppu et al., Tech Dig. of International Electron Devices Meeting (IEDM), 641, 2012. 
[3] L. T. Su et al., IEEE Trans. Electron Devices, 43, 2240, 1996. 
[4] T. Takahashi et al., Tech. Dig. of International Electron Devices Meeting (IEDM), 7.4.1, 2013 
[5] A. Shindome et al., Jpn. J. Appl. Phys., 52, 04CN05, 2013. 
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Reduction in Thermal Conductivity of Silicon  
Processed by High-Pressure Torsion 

Masamichi Kohno1,3 Sivasankaran Harish1, Mitsuru Tabara1, Yoshifumi Ikoma2,  
Zenji Horita2,3, Yasuyuki Takata1,3 and David G. Cahill3,4 

 
1Department of Mechanical Engineering, Kyushu University, Fukuoka, Japan. 

2Department of Materials Science and Engineering, Kyushu University, Fukuoka, Japan. 
3International Institute of Carbon-Neutral Energy Research (I2CNER), Kyushu University. 

4Department of Materials Science and Engineering and Materials Research Laboratory, 
University of Illinois, Urbana, Illinois, USA. 

 
Materials with length scales on the order of few nanometers exhibit unique abilities to control thermal 
transport1. Tailoring the thermal properties of nanostructured systems have a promising application n 
dimensionless figure of merit, ZT = S2σT k-1, where S is the Seeback coefficient, σ is the electrical 
conductivity, T is the temperature and k is the thermal conductivity2. To achieve higher ZT, the lattice 
thermal conductivity of the thermoelectric system needs to be reduced without compromising the charge 
carrier mobility. Significant work has been done in recent years by using chemically distinct secondary 
phases either in the bulk form, or in the form of thin films, to reduce lattice thermal conductivity3. The 
introduction of nanostructured interfaces to scatter phonons more efficiently than electrons and thereby 
reduce the thermal conductivity of the material has yielded high ZT in thermoelectric devices4. 
  
From an engineering perspective, a practical thermoelectric device requires a significant volume of 
material. To realize that objective, nano structuring using ball milling followed by hot pressing was 
shown to have an order of magnitude reduction in the thermal conductivity of doped silicon5 and 
mechanical deformation using high pressure have shown improved Seebeck coefficient in Bi2Te3 and 
PbTe respectively. In this work, we demonstrate a novel technique using high-pressure torsion (HPT) to 
create a high density of lattice defects such as dislocations and grain boundaries on nanometer length-
scales6. Although crystalline silicon is not a good thermoelectric material due to its intrinsically high 
thermal conductivity, we use silicon as a model system to study the effect of HPT processing on thermal 
conductivity. We report a dramatic reduction in the thermal conductivity of bulk crystalline silicon when 
subjected to severe plastic strain under a pressure of 24 GPa at room temperature using HPT. Thermal 
conductivity of the HPT-processed samples were measured using pico-second time domain 
thermoreflectance. Thermal conductivity measurement shows that the HPT-processed samples have a 
reduction in thermal conductivity by a factor of ≈20 (from intrinsic single crystalline value of 142 Wm-

1K-1 to ~7.6 Wm-1K-1). The reduction in thermal conductivity is attributed to the formation of nanograin 
boundaries and metastable body centered cubic Si-III and rhombohedral Si-XII phases which act as 
phonon scattering sites and because of a large density of lattice defects introduced by HPT processing. 
Subsequent annealing at 873 K shows a reverse transformation from metastable phases to Si-I cubic 
diamond phase and a nominal increase in thermal conductivity due to the reduction of the density 
reduction of secondary phases and nanocrystalline defects. 
 
References 
[1] D. G. Cahill, K. E. Goodson, and A. Majumdar, J. Heat Trans.- ASME 124 (2), 223 (2002). 
[2] H. J. Goldsmid, Thermoelectric refrigeration. (Plenum Press, New York,1964). 
[3] K. Nielsch, J. Bachmann, J. Kimling, and H. Bottner, Adv. Energy Mater. 1 (5), 713 (2011). 
[4] J. P. Heremans et al., V. Jovovic, Science 321, 554 (2008). 
[5] G. H. Zhu et al., Phys. Rev. Lett. 102, 196803 (2009). 
[6] Y. Ikoma et al., Appl. Phys. Lett. 101, 121908 (2012). 
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Fourier transform inelastic x-ray scattering: a new tool for 
measuring phonon dispersion and more with a free-electron laser 

David Reis 
 

Department of Applied Physics, Stanford University 
Stanford, CA, 94305-3030. 

 
There is a long and productive history of using inelastic scattering to measure lattice dynamics. Typical 
experiments use extremely high-resolution monochromators and analyzers to measure small shifts in the 
energy of the scattered particles under equilibrium conditions. Under appropriate conditions, time-domain 
measurements can yield much better resolution and provide access to transient non-equilibrium dynamics. 
We discuss potential opportunities for studying low-lying excitations using recent results using the LCLS 
x-ray free-electron laser as examples. In both cases we perform high-resolution inelastic x-ray scattering 
in the time-domain using a femtosecond optical laser to prepare broadband two-phonon coherences in the 
sample. In the first case, we extract the transverse phonon dispersion in the prototypical semiconductor 
germanium with sub-meV resolution--- without the use of an analyzer. In the second case, we use this 
same method to investigate the strongly anharmonic lattice dynamics in PbTe and present evidence for 
strong photo-induced mode-coupling spanning the Brillouin zone.   
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Investigations of Microscopic Energy Transport with Neutron and 
X-Ray Scattering 

Olivier Delaire 
 

Oak Ridge National Laboratory, TN 
 
A microscopic understanding of heat transport is of broad interest for the design of efficient energy 
materials, and relies on a detailed knowledge of phonon dispersions and mean-free-paths to establish 
reliable atomistic models of thermal conductivity. Inelastic neutron scattering instruments can map 
excitations throughout reciprocal space efficiently, and measurements with single-crystals provide 
quantitative accounts for different phonon scattering mechanisms, including anharmonicity, electron-
phonon coupling, and scattering by defects or nanostructures. X-rays enable complementary phonon 
measurements at high pressures, and also reveal details of the nanostructure. In addition, first-principles 
simulations of the dynamical structure factor, including anharmonic effects, enable the rationalization of 
complex experimental datasets. We present investigations of several important thermoelectric materials, 
establishing a microscopic picture of their thermal conductivity. These new insights suggest avenues to 
improve the performance of thermoelectric materials. 
 
We acknowledge funding from the US DOE, Office of Basic Energy Sciences, Materials Science and 
Engineering Division, and as part of the S3TEC EFRC. 
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Accurate instrument for measuring the surface tension, viscosity 
and surface viscoelasticity of liquids using ripplon surface laser-light 

scattering with tunable wavelength selection 
Y. Nishimura1, A. Hasegawa1, and Y. Nagasaka1 

 
1 Department of System Design Engineering, Keio University, 3-14-1 Hiyoshi, Yokohama, Japan 

 
We describe our new accurate instrument that simultaneously measures the surface tension, viscosity and 
surface viscoelasticity of liquids (Fig. 1). The instrument works on the ripplon surface-laser light 
scattering principle and operates with an automatically tunable selection of ripplon wavelength from 4 to 
1500 μm, which corresponds to the frequency range of observing surface phenomena from approximately 
400 Hz to 3 MHz in the case of water. The heterodyne technique instrument uses a reference laser beam 
which intersects at an arbitrarily adjustable angle with a vertically directed probing beam. For the 
determination of the wavelength of selected ripplons we substituted with the interference fringe spacing, 
measured using a high-resolution beam profiler. To extract reliable surface tension and viscosity data 
from the experimentally obtained spectrum shape for a selected wavelength of ripplon, we developed an 
algorithm to calculate the exact solution of the dispersion equation. The uncertainties of surface tension 
and viscosity measurement were confirmed through the measurement of seven pure Newtonian liquids at 
25°C measured with the selected wavelength of ripplon from 40 μm to 467 μm. To verify the genuine 
capability of the tunable wavelength selection of ripplon, we measured the surface elasticity of soluble 
surface molecular layers spread on pentanoic acid solutions (Fig. 2). 
 

 
Fig. 1: Ripplon surface laser-light scattering apparatus. 

 

 
Fig. 2: Frequency dependence of the surface elasticity for solutions of pentanoic acid solutions. 



 

 52

Analytical interpretation of non-diffusive phonon transport in 
thermoreflectance thermal conductivity measurements 

K. T. Regner, A. J. H. McGaughey, J. A. Malen 
 

Department of Mechanical Engineering, Carnegie Mellon University, PA 
 
We derive an analytical solution to the Boltzmann transport equation (BTE) to relate non-diffusive 
thermal conductivity measurements by thermoreflectance techniques to the bulk thermal conductivity 
accumulation function, which quantifies cumulative contributions to thermal conductivity from different 
mean free path energy carriers (here, phonons). Our solution incorporates two experimentally-defined 
length scales: thermal penetration depth and heating laser spot radius. We identify two thermal resistances 
based on the predicted spatial temperature and heat flux profiles. The first resistance is associated with the 
interaction between energy carriers and the surface of the solution domain. The second resistance 
accounts for transport of energy carriers through the solution domain and is affected by the 
experimentally-defined length scales. Comparison of the BTE result with conventional heat diffusion 
enables a mapping of mean-free- path-specific contributions to the measured thermal conductivity based 
on the experimental length scales. In general, the measured thermal conductivity will be influenced by the 
smaller of the two length scales and the surface properties of the system. The result is used to compare 
non-diffusive thermal conductivity measurements of silicon with first principles-based calculations of its 
thermal conductivity accumulation function.  
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Uncovering and engineering the thermal phonon spectrum 
Austin J. Minnich 

 
Department of Mechanical Engineering and Applied Physics 

California Institute of Technology 
  
Recent works have demonstrated that the thermal phonons responsible for heat conduction possess a 
broad spectrum, yet this spectrum remains unknown for most materials and is not always accounted for in 
simulations due to computational cost. In this talk, I will describe our efforts to directly measure and 
engineer the thermal phonon spectrum using computation and experiment. Experimentally, I will describe 
a new experimental technique that has enabled the first direct measurements of phonon mean free paths in 
a wide range of crystalline solids. Computationally, I will show how our use of novel, efficient algorithms 
to solve the Boltzmann transport equation is advancing our understanding of phonon transport in complex 
materials. 
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Thermal and Elastic Properties of Crystalline Polymer 
Nanostructures 

Sheng Shen 
 

Carnegie Mellon University, Pittsburgh, PA 15217 USA  
 
Polymers play an essential and ubiquitous role in everyday life due to their extraordinary range of 
properties. However, bulk polymers generally have low stiffness and low thermal conductivity. In this 
talk, I will present thermal and mechanical characterizations of two crystalline polymer structures: 
polyethylene nanofibers and polysilsesquioxane hybrid crystal fibers. Polyethylene nanofibers with 
diameters between 50 and 500 nm are characterized using atomic force microscope (AFM) based 
techniques, and we find that their Young's modulus and thermal conductivity can be as high as 326 GPa 
and 100 W/m·K, respectively. The Young's modulus of polymer nanofibers reported is comparable with 
the best Young's modulus of metal alloys. Their thermal conductivity is higher than most of metals. For 
polysilsesquioxane hybrid crystal fibers, molecular dynamics simulations show significant enhancement 
of thermal transport in the hybrid crystals due to the strong hydrogen bonding. The thermal conductivity 
of polysilsesquioxane hybrid crystal fibers is measured using micro-fabricated thermal devices in the 
temperature range of 10-350 K. 
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Synthesis and characterization of mesoporous materials     
for energy-efficient adsorption systems 

A. Endo1,2, S. Kataoka1,2 
 

1 National Institute of Advanced Industrial Science and Technology (AIST), Higashi 1-1-1, 
Tsukuba Central 5-2, Tsukuba, Ibaraki 305-8565, Japan 
2 CREST, Japan Science and Technology Agency (JST) 

 
Ordered mesoporous silica (MPS) is expected to provide an adsorbent for energy-efficient air-
conditioning systems, such as desiccant cooling systems, humidity control systems, and adsorption heat 
pumps. These systems can contribute to the reduction of CO2 emissions because they offer the possibility 
of recovery at temperatures as low as 50℃. 
 
Many papers have been published on the sysnthesis, characterization and application of mesoporous 
materials for adsorptions systems[1]. Recently, we reported the synthesis of mesoporous silica materials 
using the block copolymer supramolecular assembly[2]. It is well known that block copolymers 
containing two chemically dissimilar blocks can form periodically ordered structures via the microphase 
separation. When some additive is attached to one block of a block copolymer with non-covalent 
interactions, the resulting supramolecular complex also forms similar ordered structures. In our synthesis 
method, it is possible to control the mesostrucure of obtained mesoporous silicas. The results of scanning 
electron microscopy (Fig. 1) revealed that SiO2 formed various structures including cylindrical, spherical, 
and lamellar. Different SiO2 nanostructures formed via the microphase separation of siloxane/polymer 
complexes are prepared simply by varying solvent mixtures without changing the polymer chain.   
 
When these materials are used as adsorbents, the mass transfer of adsorbates is very important and 
strongly influenced on the surface and inner structure. The detailed characterization of pore structure on 
obtained mesoporous silicas by high-resolution FE-SEM and gas/vapor adsorption measurements were 
carried out. In the presentation, the comparision with conventional mesorous silicas will be discussed, 
especially for cylindrical pore structures. 
 

 
 

Fig. 1: High-resolution FE-SEM/TEM images of obtained mesoporous silica strucure 
 
[1] K. Ariga, A. Vinu, Y. Yamauchi, Q. Ji, and J. P. Hill, Bull. Chem. Soc. Jpn., 85, 1 (2012). 
[2] S. Kataoka, Y. Takeuchi, A. Kawai, M. Yamada, Y. Kamimura, A. Endo, Langmuir, 29, 13562 
(2013). 
 
 



 

 58

Thermal property measurement of nanoscale films with frequency-
domain thermoreflectance 

Aaron Schmidt 
 

Department of Mechanical Engineering, Boston University, MA, USA 
 

Frequency-domain thermoreflectance is an optical technique for measuring thermal properties of bulk 
materials and thin films, where a periodically modulated laser beam locally heats a sample while a second 
beam monitors the surface reflectivity. This talk will describe how this technique can be used to 
determine thermal properties of nanoscale films as thin as one atomic layer. Topics will include 
sensitivity analysis, the optimization of experimental parameters such as the laser spot size and 
modulation frequency range, and the determination of experimental uncertainty. Measurements of thin-
film superlattices and subsurface graphene multilayers will be used as examples. 
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Size effects in thermal conduction by phonons 
Philip B. Allen 

 
 Stony Brook University, Stony Brook, New York 1794-3800, USA 

 
Heat transport in nanoscale systems has been hard to measure and to interpret. Ballistic and diffusive flow 
coexist, adding complication. Therefore, it is worth studying an over-simplified case, not achievable 
experimentally. This is a nanoscale crystal repeated periodically. Both structure and heat flow are 
constrained by periodic boundary conditions. No primary distinction is made between ballistic and 

diffusive transport. Fourier’s law J = −κ∇T  is non-local, J(x) = − d ′x κ (x, ′x )∇T ( ′x ) . The thermal 

conductivity κ(x − ′ x ) can be analyzed by a straightforward extension of the standard quasiparticle gas 
theory (i.e. Peierls-Boltzmann theory) of bulk solids. One-dimensional flow is studied in a three-
dimensional supercell of length L, conceptually divided into N parallel planar segmentsℓ. External heat 
enters chosen segments uniformly at rates ˙ e (ℓ), and leaves other segments. Microscopic information is 
encoded in the non-local response function κ(ℓ − ′ℓ ). Such geometries are popular for simulation of bulk 
heat transport using classical molecular dynamics (MD). Unfortunately, phonon carriers of heat have 
mean free paths comparable to the computational scale of the heating and cooling. Thus, undesirable 
nanoscale aspects affect bulk answers, unless eliminated by extrapolation. The reverse point of view is 
that nanoscale effects are seen here in their simplest form. An analysis based on the Peierls-Boltzmann 
equation, using a generalized Debye model, shows that extrapolation requires fractional powers of 1/L. It 
is also argued that heating could be imposed sinusoidally, ˙ e (ℓ) ∝ cos(2πℓ/L), to improve convergence. 
The analysis has implications about finite size effects that may be extended to nanoscale systems of less 
physical simplicity. 
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Phonon thermal transport in BAs nanowires from first principles 
D. A. Broido1

 and L. Lindsay2
 

 
1Department of Physics, Boston College, Chestnut Hill, MA, USA 

2Oak Ridge National Laboratory, Oak Ridge, TN, USA 
 
Recently the thermal conductivity of zinc blende boron arsenide (BAs) has been predicted to be 
exceptionally high, exceeding 2000W/m-K at room temperature, comparable to those of the carbon 
crystals, diamond, graphite and graphene and far higher than those of other non-carbon compounds [1, 2]. 
Here we examine the thermal conductivity of BAs nanowires as a function of the wire diameter and 
compare this to the thermal conductivity of diamond nanowires. Striking reductions in the BAs nanowire 
thermal conductivity compared to those in diamond are shown to result from much larger phonon mean 
free paths in BAs as demonstrated from thermal conductivity accumulation curves. The underlying 
reasons for the large BAs mean free paths will be discussed. 
 
Support for this work has been provided primarily from the S3TEC, an Energy Frontier Research Center 
funded by the U.S. Department of Energy, Office of Science, Office of Basic Energy Sciences under 
Award No. DE-FG02-09ER46577, and also from the National Science Foundation under Grant No. 
CBET 1066634. 
 
 
[1] L. Lindsay, D. A. Broido and T. L. Reinecke, Phys. Rev. Lett. 111, 025901 (2013). 
[2] L. Lindsay, D. A. Broido and T. L. Reinecke, Phys. Rev. B 88, 214303, (2013). 
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Printable thermoelectric materials 
K. Miyazaki1 

 
1Kyushu Institute of Technology, 1-1 Sensui-cho, Tobata-ku, Kitakyushu, JAPAN 

 
Thermoelectric generator can convert low grade waste heat into electricity, making it a key technology to 
contribute to sustainability through the scavenging of waste heat or heat source.1 Practical use of 
thermoelectric devices spread, both improvement in device performance and reduction of a manufacturing 
cost are required2,3. Generally, thermoelectric devices are fabricated by vacuum-processing particularly 
for thin film applications. Thermoelectric thin films with high thermoelectric properties can be made by 
thin film deposition process mentioned above, but these processes require manufacturing cost, owing to 
longer takt time of the vacuum processing. Printing processes such as screen- and inkjet printings are 
attractive to reduce the manufacturing cost of thermoelectric devices. We fabricated flexible printed 
thermoelectric thin films containing thermoelectric particle, conductive polymer and several additives. 
We prepared mixture of thermoelectric Bismuth telluride particle, a conductive polymer (PEDOT:PSS), 
poly(acrylic acid) (PAA), and several organic additives to fabricate thermoelectric films. In the mixture, 
the organic components (PEDOT:PSS, PAA, and an additive) act as a binder to connect Bismuth 
Telluride particles mechanically and electrically. Among employed organic additives, glycerol drastically 
enhanced electrical conductivity. The Bi0.4Te3.0Sb1.6 films fabricated by a spin-coating of the mixture 
showed thermoelectric figure of merit (ZT) = 0.3 at 300 K when Bi0.4Te3Sb1.6 particle diameter was 5 μm 
and its concentration in the elastic films was 95 wt%. 

 

 
 
Fig. 1: Photograph of a printed flexible thermoelectric thin film 
 
[1] C.B. Vining, Nature Mater. 8, 83(2010).  
[2] K. Yazawa, A. Shakouri, Environ. Sci. Technol. 45, 7548(2011). 
[3] S.K. Yee, S. LeBlanc, K.E. Goodson, C. Dames, Energy Environ. Sci. 6, 2561(2013). 
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Parsing the Seebeck Coefficient: The Effect of Non-Equilibrium  
S. Sinha 

 
Department of Mechanical Science & Engineering and Micro & Nanotechnology Laboratory, 

University of Illinois, Urbana, IL 61801 
 

The ability to reduce thermal conductivity through nanostructures has attracted interest in silicon and 
other materials for thermoelectric applications. In particular, the boundary scattering of phonons has been 
exploited to report significant enhancement in the figure of merit. It is implicitly assumed that the 
introduction of crystal boundaries or other defects does not affect charge transport provided there is a 
difference in the mean free paths of electrons and phonons. However, in a non-equilibrium picture of 
transport with simultaneous and self-consistent transport of electrons and phonons, phonon boundary 
scattering can indeed alter momentum transfer between electrons and phonons, with significant impact on 
the Seebeck coefficient. Here, we discuss experiments and theory to better understand the Seebeck effect 
from a non-equilibrium perspective.  
  
 



 

 

Ev

1 Ene

2 Dept

Chemical 
laser abla
materials;
synthesize
There are
spectrosco
vacuum C
their temp
we estima
 
Figure 1 i
gasses are
is control
argon/hyd
method. T
that a lot 
by the ex
dependen
plots of tw
energy de
with synt
decreased

valuation

ergy and Env

. of Mech. Sc

vapor deposi
ation process 
; therefore, it
ed during CV
e a lot of rep
opy, PL, ther
CVD apparat
perature depe
ated activation

indicates our 
e introduced t
lled to be 50
drogen mixtu
The energy o
of fragments 

xcess energy. 
t, and derived
wo cases of ‘w
ecreases from
thesis of carb
d activation en

Fig. 1: Exper

n of cataly

S. In

vironmental 

ci. Eng., Hir

ition (CVD) p
and arc disch
ts growth me

VD process are
ports about c
rmo gravimet
us directly c
ndence. Assu
n energy of d

experimental
through variab
00 °C to 110
ure. In quadru
f electron im
originated fr
We carefully

d the actual m
with iron’ cat

m 1.0 eV to 0.6
bon nanotube
nergy. 

rimental appa

ysts emp
na

noue1, Y. Oh

l Engineering
Higashi-H

roshima Uni

process is con
harge process
echanism is 
e reported, bu
catalysts com
tric analysis, 
onnected to 

uming first-or
issolving sou

l apparatus. T
ble leak valve
00 °C. Befor
upole mass s

mpact is 50 eV
rom the sourc
y compared w
mass spectra 
talyst and ‘w
66 eV. We al
e, there still 

aratus.            

63

loyed in 
anotube
hga2, and Y. M

 
g Division, H
Hiroshima, J
iv., 1-4-1 Kag

 
nsidered to be
s, CVD proce
still unclear. 
ut there is no 

mbination and
and so on is
mass spectro

rder reaction a
urce gases. 

The back grou
e. The reactor
re introducin
spectrometer,
V. This energ
ce gas, which 
with the frag
by subtractin
ithout catalys
lso examined 
remains con

                     

CVD syn

Matsumura1

Hiroshima U
Japan 

agamiyama, H

e one of the m
ess proceeds
 So far som
quantitative d

d their qualit
s reported. In
ometer and m
and the reacti

und pressure 
r is made by 

ng source gas
 molecules a

gy is much hi
is not reacte

gment pattern
ng the fragme
st’. As the slo
cobalt, moly

ntradiction bu

     Fig. 2: Ar

0.0007 0.0
−2

0

2

4

6

ln
 k

1100 100

●触
△触

w
w

nthesis of

1 

Univ. 1-4-1 K

Higashi-Hir

most efficient
accompanied

me reports rel
discussion ab
tative discuss

n this study w
measured reac
ion follows A

is less than 2
quartz glass a
ses, catalysts
are ionized b
igher than ion
d or decompo

n, which was
ents. Figure 2
ope becomes 
ybdenum, and
ut generally p

rrhenius plot. 

0008 0.0009

y=−76

1/T

00 900 800

y=12

触媒あり
触媒なし

with
without

f carbon 

Kagamiyama

roshima, Jap

t processes. U
d with pyroly
lated to precu
bout catalyst a
sion using R
we developed
ction product

Arrhenius equ

2 ×10-4 Pa. S
and its tempe
 were reduce

by electron im
nization energ
osed, are prod

s usually app
2 shows Arrh
smaller, activ

d nickel. Com
preferred cat

0.001

603.7x+10.614

Fe

0 700 [℃

2761x+11.489

a, 

pan 

Unlike 
ysis of 
ursors 
ability. 

Raman 
d high 
ts and 

uation; 

Source 
rature 
ed by 
mpact 
gy, so 
duced 
aratus 
henius 
vation 

mpared 
talysts 

 

4

e

℃]



 

 64

Kinetics of triplet-sensitized photon upconversion in ionic liquids  
for utilizing wasted solar photons 

Y. Murakami1, T. Ito1, and A. Kawai2 
 

1 Department of Mechanical Sciences and Engineering, Tokyo Institute of Technology,  
2-12-1 Ookayama, Meguro, Tokyo 152-8552 Japan 

2 Department of Chemistry, Tokyo Institute of Technology,  
2-12-1 Ookayama, Meguro, Tokyo 152-8551 Japan 

 
In solar conversion systems such as photovoltaic, photo-catalysis, and natural/artificial photo-syntheses, 
the efficiencies are largely limited by an existence of system-dependent threshold energy Eg for incident 
photon (or threshold wavelength λg). Any photons with the energy below Eg, which are the sub-bandgap 
solar photons, cannot be utilized by a system and this aspect has presently caused irreversible loss of solar 
energy. One strategy often taken to cope with this problem is to reduce Eg (i.e., to increase λg), but since 
this is tantamount to a lowering of electron free energy, this strategy always accompanies some negative 
side-effects, often perceived as a reduction in the output voltage and/or reaction quantum yield. 

 
Photon upconversion (UC) is a technology that converts presently wasted sub-bandgap photons into less-
number of utilizable photons of E > Eg to increase the overall efficiency of the conversion system without 
requiring the reduction of Eg to a system. For a long time such UC had only been possible for intense, 
coherent, and linearly-polarized light (i.e. laser light), and UC for low-power, non-coherent, and 
randomly-polarized light (e.g. sunlight) had not been possible. Recently, a new strategy of UC that is 
applicable to the latter type of light has been proposed [1]. Since this method utilizes both diffusion and 
inter-molecular collision of organic molecules in spin-triplet state, the medium has to be fluidic in order 
to allow for the energy-carrying organic molecules to perform the inter-molecular energy transfer. 
  
We have been studying this UC strategy for past several years, started from the development of new class 
of UC samples that are made with ionic liquids as the medium for the molecular transport [2,3]. While 
volatile organic solvents such as benzene and toluene had mostly been used in the preceding studies [4], 
the use of ionic liquids has successfully imparted several important properties to the samples, such as 
non-volatility and non-flammability which are advantageous for application. Since ionic liquids are novel 
organic fluids, virtually infinite number of types are possible due to the high design flexibility of organic 
synthesis [5]. Interestingly, we found that the UC quantum efficiency (ΦUC) in ionic liquids is highly 
dependent on the type of ionic liquid used [2]. To elucidate the mechanism, we have been carried out 
several kinetics studies by means of photophysical experiments [6,7]. So far, some important interplay 
between the energy-carrying solute molecules and ionic liquids has been found out as to how the 
molecular kinetics (partly relevant to the molecular dynamics) governs the magnitude of ΦUC [6-8]. In this 
talk, our recent results as well as the interpretations obtained through the investigations will be presented. 
 
[1] S. Baluschev et al., Phys. Rev. Lett. 97, 143903 (2006).  
[2] Y. Murakami, Chem. Phys. Lett. 516, 56 (2011).  
[3] Y. Murakami, Thermal Sci. Eng. 20, 15 (2012).  
[4] T. N. Singh-Rachford and F. N. Castellano, Coord. Chem. Rev. 254, 2560 (2010).  
[5] N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev. 37, 123 (2008).  
[6] Y. Murakami, H. Kikuchi, A. Kawai, J. Phys. Chem. B 117, 2487 (2013).  
[7] Y. Murakami, H. Kikuchi, A. Kawai, J. Phys. Chem. B 117, 5180 (2013).  
[8] Y. Murakami, T. Ito, A. Kawai, to be submitted. 
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Microscopy Based Inference of Nanoscale Aggregate Morphologies: 
Applications in Nanomedicine and Aerosol Science 

Chris Hogan 
 

Department of Mechanical Engineering, University of Minnesota, MN 
 

A common issue which arises in the study of transport processes in nanomaterial laden media in 
biological and environmental systems is that nanoparticles readily collide with and stick to one another, 
aggregates. Thermal transport through aggregate laden media is dependent not only on aggregate material 
properties, but aggregate morphology. In this presentation, a method to infer aggregate three-dimensional 
structures from cryo-electron micrographs of aggregates in suspensions is discussed, which can be used to 
provide boundary conditions for numerical examination of thermal transport in aggregate laden media. In 
the proposed method, aggregates are modeled as quasifractal aggregates, in which their geometries are 
described by the number of primary particles per aggregate, the fractal dimension (which varies between 
1.0 and 3.0), a pre-exponential factor, and the average primary particle size. The most probable 
quasifractal geometric descriptors are inferred from images by direct calculation of observable two-
dimensional properties, namely, the projected area, longest end-to-end distance, radius of gyration, and 
perimeter, and comparison of these four parameters to those tabulated for more than 50,000 
computationally generated quasifractal aggregates with prescribed geometric descriptors. This 
comparison enables determination of the weighted average quasifractal descriptors for each imaged 
aggregate. Application of this technique to the analysis of titania aggregates synthesized in gas phase 
reactors (with comparison of predicted to measured drag coefficients for imaged particles) and the 
examination of iron oxide nanoparticle aggregation in intracellular and extracellular matrices will be 
discussed. 
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Vibrational spectra in the study of molecular interactions in 
transient molecular dynamics simulation. Application to the van der 

Waals interaction of nucleobases with grapheme. 
T. Zolotoukhina1 

 
1 Toyama University, Faculty of Engineering, Gofuku 3190, Toyama, Japan  

 
The study of vibrational characteristics in the several types of molecular interactions or bonding in order 
to define the possible pathways of energy transfer and influence of thermal environment on the transfer 
process has been studied. The calculation was performed by molecular dynamics method (MD). Recent 
studies of ultrafast phenomena by IR spectroscopy showed possibility of some induced proton transfer 
reactions and set a ground for coherent control in condensed phases. Starting from the study of vibrational 
relaxation in a model proton transfer reaction that are present in the range of oxidation reactions of cold 
ignition we tested vibrational frequencies defined by the Fourier transformed velocity autocorrelation 
function (ACF) for the proton transfer bonds at the time of reaction. Due to the limited reaction time and 
non-equilibrium character of bond switching process, the transient correlation was taken in the time 
interval approximately corresponding to the experimentally confirmed reaction time of few ps. The bond 
switching model has been utilized in the description of proton transfer inside MM2/MM3 force field 
potential. The bond part of potential was modified from harmonic one to anharmonic in order to bring 
potential closer to the quantum potential energy surface defining this type of reactions. The calculated 
vibrational spectrum in the n-heptane+ OH reaction has shown high sensitivity to the potential 
anharmonicity by substantial deviations in the frequencies of reacting bonds C-H and O-H responsible for 
the proton transfer up to 30-to 40 cm-1 in the bond stretching vibrations that have experimental range of 
~3000 cm-1 frequencies. In the present reaction model no dependence of stretching vibrational frequencies 
on temperature was presently found in the temperature range 400-700 K. However, vibrational relaxation 
along the proton transfer bond was registered at an approximate amount of 26 J, with supposed energy 
transfer from stretching and bending modes to heptane rocking in nonequilibrium MD calculations.  
 
The obtained sensitivity of the transient velocity ACF analysis to the variations in bonding potential 
allows us to suppose that above vibrational frequency analysis might be applicable to the dynamics of 
small biomolecules interacting by Van der Waals forces with sensors at the time scale of several 
vibrational periods. The graphene nanopore could be utilized as one type of such sensor. Our previous 
studies has shown that interaction forces between small biomolecules such as nucleobases and graphene 
pore edge can be sensitive to small variations in biomolecule structure, but the period of sensing is limited 
by the time of the molecule passing through the nanopore. Experimental measurement of dynamic force 
field are still not available in such a limited time and considerations on time resolution of IR spectroscopy 
has lead us to study vibrational frequencies of interacting with graphene nucleobases.  
 
The atoms of graphene pore edge and base molecule are graded by the magnitude of interaction force. For 
atoms with the largest values, the vibrational frequency analysis has been carried out separately for 
graphene and nucleobase. Graphene has shown a range of frequencies between out of plane Z modes and 
up to G modes close to 50 THz that were not much affected by interaction with the base. The base 
molecules passing at the fixed distance from the pore edge exhibited a range of frequencies depending on 
the molecule structure and orientation. We compared obtained modes with the experimentally available 
modes from IR spectroscopy. A possibility of molecular selection by frequency analysis can be estimated 
from obtained data. 
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Anisotropic and Nonhomogeneous Thermal Conduction in Few  m Thick
Nanocrystalline Diamond Films  

Aditya Sood1,2, Jungwan Cho2, Karl Hobart3, Tatyana Feygelson3, Bradford Pate3, Mehdi 
Asheghi2, Kenneth E. Goodson2 

 
1 Department of Materials Science and Engineering, Stanford University, USA 

2 Department of Mechanical Engineering, Stanford University, USA 
3 Naval Research Laboratory, Washington, DC, USA 

 
 
 

Diamond has emerged as a promising candidate heat sink material in several niche applications involving 
high heat-flux hot spots, due to its extremely large thermal conductivity in bulk, single crystalline form. 
Commercial applications however typically involve diamond that is grown using processes such as 
chemical vapor deposition (CVD). CVD is a nucleation and growth process that results in films with a 
polycrystalline grain structure, and complex morphology. Nucleation and coalescence create near-
interfacial regions of small grain size and low thermal conductivity, while grain growth results in higher 
quality regions away from the interface with larger conductivity. Moreover, impingement of grains in the 
lateral direction during growth results in a highly columnar grain structure, causing the thermal 
conductivity to be strongly anisotropic with a lower conductivity in-plane as compared to through-plane.  
We present an experimental study of thermal conduction in few μm thick CVD diamond films by time-
domain thermoreflectance (TDTR), an optical pump-probe technique. The samples are unique in that 
portions of the growth substrate are etched away leaving regions of free-standing diamond membranes. 
This configuration allows us to measure directly the thermal properties of both the high-quality top region 
and lower conductivity bottom region by performing measurements from both sides. More importantly, 
due to their suspended nature, heat injected into the films by the pump pulses is forced to conduct 
laterally, causing the thermal decay profile to be highly sensitive to the anisotropy. Our TDTR 
methodology utilizes the information present in both the amplitude and phase response of the system at 
the modulation harmonic of the pump laser, enabling us to separate out the effects of the transducer-
diamond boundary conductance from the intrinsic in-plane and through-plane conductivity of diamond. 
To the best of our knowledge, these are the first measurements of the anisotropy and nonhomogeneity of 
the intrinsic thermal conductivity in diamond films as thin as 1  m. We find that the films have a strong 
anisotropy, with the in-plane conductivity lower than the through-plane conductivity by a nearly a factor 
of 6-8.   

 
Fig. 1: Schematic of sample configuration and measurement technique for measuring the intrinsic 

anisotropy and nonhomogeneity of free-standing diamond films 
 
[1] A. Sood, J. Cho, K. Hobart, T. Feygelson, B. Pate, M. Asheghi, K.E.Goodson, Proc. ITHERM (2014). 
[2] E. Bozorg-Grayeli, A. Sood, M. Asheghi, V. Gambin, R. Sandhu, T. Feygelson, B. Pate, K. Hobart, 

K.E. Goodson, Applied Physics Letters 102, 111907 (2013) 
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Observation of Nonlinear Peltier Coefficient in Low-doped 
Semiconductors at Room and Cryogenic Temperatures 

Amirkoushyar Ziabari1, Je-Hyeong Bahk1, Hong Lu3, Zhixi Bian2, Art Gossard3, and Ali 
Shakouri1,2 

 
1 Birck Nanotechnology Center, Purdue University, 2. University of California Santa Cruz, 3. 

University of California Santa Barbara 
 

We report the first room and low temperature experimental observation of Peltier effect in thin film 
microrefrigerators. Nonlinear (current-dependent) Peltier coefficient of low-doped n-type InGaAs and its 
associated Peltier cooling are extracted from electrical and thermal imaging characterization techniques. 
The idea of utilizing current-dependent peltier coefficient for cooling application was first proposed by 
Mona Zebarjadi, et. al. in [1]. At high electric fields the linear relation between Peltier cooling/heating 
with current is no longer valid. Peltier coefficient depends nonlinearly on current and rises significantly as 
current increases. Nonlinear Peltier coefficient was calculated using Monte Carlo simulation. It is 
indicated that this coefficient is temperature independent, proportional to the effective mass, and inversely 
proportional to the square of carrier concentration in the semiconductor. Although the non-linear term is 
temperature independent, significant cooling at low temperature due to weaker electron-phonon coupling 
is predicted. In an effort to measure the Peltier coefficient and Peltier cooling in nonlinear thermoelectrics, 
we designed and fabricated a set of nonlinear microrefrigerators. A 5µm thick low-doped n-type InGaAs 
was grown by the molecular beam epitaxy. A highly-doped InGaAs contact layer was grown on top of the 
active layer for low metal/semiconductor contact resistance. Devices of various sizes ranging from 
10x10µm2 to 150x150µm2 were fabricated on the wafer by creating 0.8 micron deep square mesas of 
different sizes using the inductive-coupled plasma etch. The devices act as a Metal-Semiconductor-Metal 
structure due to presence of two back to back Schottky diodes.  
 
We employed thermoreflectance thermal imaging to obtain the temperature profile of the 
microrefrigerators under forward and reverse biasing conditions at different current densities ranging 
from 100A/cm2 to 1500A/cm2. Temperature profiles as well as DC electrical measurements are input to a 
hybrid analytical-numerical model, based on the full heat balance equation in order to extract the current-
dependent Peltier coefficient of the thin film. The calculated current dependent coefficients at room 
temperature are in agreement with the Monte Carlo simulation results at biases lower than punch-through 
voltage in the thin film. Beyond the punch-through, Peltier coefficient saturate as we further increase the 
applied voltage and in turn the current density. We compare the experimental and the Monte Carlo results 
at the two regimes and discuss about the differences. Additionally, we conducted measurements at 
cryogenic temperatures (30K, 50K, 70K). In this regime, due to the strong current and temperature non-
uniformity at the top surface of the microrefrigerators, one can extract a coarse estimate of the Peltier 
coefficient. Stronger nonlinearity as a function of current density is observed. Further analysis are being 
performed to accurately quantify the nonlinear thermoelectric transport. 
 
We exploited the extracted Peltier coefficient, both at room and low temperature, to determine 
temperature changes due to Peltier cooling/heating at different interfaces and Joule heating. About 7-8 
degrees Peltier cooling is achieved at a current density of about 1200A/cm2 at room temperature. Due to 
excessive Joule heating, the overall cooling performance of the device is not significant. We will discuss 
design requirements for a nonlinear thermoelectric device to achieve large coolings.  

 
[1] Zebarjadi M, Esfarjani K, Shakouri A, "Nonlinear Peltier Effect in Semiconductors," App. Phys. Lett. 

912785154 (2007).  
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Investigation of the Wiedemann-Franz law in the conducting 
polymer PEDOT 

Annie Weathers1, Li Shi1, Zia Ullah Khan2, Olga Bubnova2, Xavier Crispin2 

 
1Department of Mechanical Engineering, The University of Texas at Austin 

2Department of Science and Technology, Organic Electronics, Linkoping University 
 
The conducting polymer PEDOT (Poly-3,4-ethylenedioxythiophene) has been studied as a promising 
polymer thermoelectric material, with a reported ZT on the order of 0.3 at room temperature. Previous 
measurements of the thermal conductivity using the 3ω method have reported an in-plane thermal 
conductivity less than the estimated electronic contribution from the theoretical Sommerfeld value of the 
Lorenz number. The validity of the Wiedemann-Franz law in these systems has remained an open 
question, as the charge transport mechanism can be different than in inorganic materials. However, no 
previous studies have directly measured all three thermoelectric properties of PEDOT films in the same 
transport direction and on the same sample, as the 3ω method requires different processing between 
thermal and electrical measurements. This poster will present results on the in-plane thermoelectric 
properties of PEDOT:Tosylate thin films measured with the use of suspended devices. The value of the 
Lorenz number and its temperature dependence for this conducting polymer system are discussed. 
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Penetration depth of near-field radiative heat transport in 
dielectrics 

B. Song1, Y. Ganjeh1, S. Sadat1, D. R. Thompson1, A. R. Fiorino1, P. Reddy1,2, E. Meyhofer1 

 
1 Department of Mechanical Engineering, University of Michigan, Ann Arbor, 48109, USA 
2 Department of Materials Science and Engineering, University of Michigan, Ann Arbor, 
48109, USA 
 

Thermal radiative emissions are of crucial importance to a variety of energy conversion and thermal 
management applications. Recent experimental studies have demonstrated orders-of-magnitude heat 
transfer enhancement between closely spaced bulk materials, where near-field contributions to thermal 
transport are dominant. Using a novel experimental platform, we conducted a systematic investigation of 
the effect of film thickness on the near-field heat transfer properties. By measuring radiative heat flow 
between a hot silica microsphere and a set of thin silica films of various thicknesses (50 nm to 3 µm) as a 
function of gap size ranging from ~20 nm to ~10 µm, we found substantial enhancements in heat 
transport properties due to near-field effects, even for the thinnest films when the gap size was 
comparable to the film thickness. Further, we found that at larger separations (~1 µm), the thicker films 
show significantly larger near-field enhancement than thinner films. These results provide the first direct 
evidence of a distance-dependent penetration depth of near-field radiative energy transport. 
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Long-range communication by thermally excited graphene 
plasmons 

Baoan Liu and Sheng Shen 
 

Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213 USA 
 
As one emerging plasmonic material, graphene can support surface plasmons at infrared and terahertz 
frequencies with unprecedented properties due to the strong interactions between graphene and low 
frequency photons. Since graphene surface plasmons exist in the infrared and terahertz regime, they can 
be thermally pumped (excited) by the infrared evanescent waves emitted from an object. Here, we show, 
for the first time, that thermal graphene plasmons can be excited with a remarkable efficiency and have 
monochromatic and tunable spectra, thus paving a way to harness thermal energy for graphene plasmonic 
devices. We further demonstrate that we can potentially realize "thermal information communication" via 
graphene surface plasmons by effectively harnessing thermal energy from various heat sources, e.g., the 
waste heat dissipated from nanoelectronic devices. These findings open up a new avenue of thermal 
plasmonics based on graphene for different applications, ranging from infrared emission control, to 
information processing and communication, and to energy harvesting.  
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Metrology for Thermal & Electrical Transport  
C. Miers1, Y. Zeng1, and A.M Marconnet1 

1Marconnet Thermal & Energy Conversion Lab, School of Mechanical Engineering,  
Purdue University, 585 Purdue Mall, West Lafayette, IN 47907 

 
 

Although numerous measurement techniques have been developed for investigating thermal transport in 
thin films and nanowires, high accuracy, high throughput measurements of nanostructured materials are 
still challenging. Beyond single property measurements, simultaneous measurement of multiple 
properties (e.g. thermal and electrical conductivity) is advantageous for fully characterizing materials for 
specific applications such as thermoelectric devices. For characterization of thermoelectric mateirals, a 
combined measurement structure [1] is optimized using numerical Comsol simulations to de termine the 
accuracy of the thermal conductivity measurement (see Fig. 1). In these structures, the thermal 
conductivity is measured using the 3ω technique with heater lines patterned on the top surface of the  
sample. Electrical conductivity and Seebeck coefficient are characterized using integrated electrodes. The 
heater design is optimized to minimize the uncertainty in the 3ω measurement and for uniformity of the 
heat flux for thermoelectric characterization. Although originally designed for thermoelectric materials 
such as bismuth telluride, these devices are ea sily adapted to study a variety of materials including 
organic electrically conducting polymers. The versatile structure provides a simple platform for combined 
property characterization. 
 
 

 

 
Fig. 1(a): Scalable device for simultaneous characterization of thermal and electrical properties.  

(b) Impact of heater line width (wh) on the fitted thermal conductivity of a sample material with 
nominal thermal conductivity of 1.2 W/(m K). The value extracted from 1-D diffusive thermal 
transport model approaches the input value as the heater line width approaches the heater spacing 
(dcl) and the thermal transport becomes more one-dimensional.   

 
 
 
[1] C. Miers and A. Marconnet, “Simulation and Analysis of an Integrated Device to Simultaneously 
Characterize Thermal and Thermoelectric Properties”, International Thermal Conductivity Conference 
(ITCC) and the International Thermal Expansion Symposium (ITES), West Lafayette, IN, 2014. 
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Obtaining Localized Phonon Spectra from Molecular Dynamics 
Simulations using the Wavelet Transform 
Christopher H. Baker, Nam Q. Le, and Pamela M. Norris 

 
University of Virginia, Dept. Mech. and Aero. Eng., Charlottesville, VA, USA 

 
A molecular dynamics simulation implicitly contains everything there is to know about the simulated 
system, including most types of phonon scattering. The difficulty lies in how to extract spectral 
information that furthers understanding of transport in the system. We discuss the wavelet transform as a 
flexible technique to obtain spatially or temporally localized vibrational spectra from a simulation 
trajectory and we apply the method to two case studies. In the first study, we use the wavelet transform to 
measure the frequency dependent intrinsic diffusivity of simulated amorphous silicon. In the second 
study, we calculate the localized phonon population near an interface in a typical non-equilibrium 
molecular dynamics measurement of thermal boundary conductance for a 1D chain. These studies 
illustrate how molecular dynamics simulation in concert with the proper analysis framework can 
contribute to the theoretical understanding of nanoscale thermal transport in diverse material systems. 
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Thermal Transport in Chirality-Sorted Carbon Nanotube Networks 
Feifei Lian1, Juan P. Llinas2, Zuanyi Li1,3, David Estrada2 and Eric Pop1 
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Recent advances have led to sorting of single-wall carbon nanotubes (SWNTs) into chirally purified (e.g. 
all-semiconducting or all-metallic) solutions and networks [1,2]. However, until now, studies have only 
focused on the electrical and optical properties of such sorted SWNT films, without reports of their 
thermal properties to the best of our knowledge.  

 In this work, we use infrared (IR) thermal imaging to simultaneously study thermal and electrical 
transport in chirality-sorted SWNT networks for the first time. SWNTs are sorted by density gradient 
ultracentrifugation [1] to assemble SWNT films through a vacuum filtration method. We suspend the 
films between two Pd-coated copper blocks that serve as both electrical contacts and heat sinks. We use 
Joule heating and IR microscopy to obtain the temperature profiles of the suspended SWNT films [3]. We 
use the transfer length method to obtain the electrical contact resistance, and a finite element model to 
extract the thermal conductivity of the film and the thermal boundary conductance between the film and 
Pd/Cu contacts. 

 We characterized the thermal and electrical properties of 90% semiconducting, 90% metallic, and 
unsorted (66% semiconducting) SWNT films. The electrical conductivity of these films ranges from 
8.5×104 to 1.3×105 S/m. For the semiconducting films the thermal conductivity is ~180 Wm-1K-1 and the 
thermal contact conductance is 2700 WK-1m-2 between the film and the Pd/Cu contacts. The metallic films 
have thermal conductivity of ~140 Wm-1K-1 and a contact conductance of 3000 WK-1m-2. Finally, the 
unsorted films have a thermal conductivity of 290 Wm-1K-1 and a thermal contact conductance of 1500 
WK-1m-2. We uncover that metallic films have lower thermal conductivity but higher electrical 
conductivity due to greater SWNT junction density and greater mass density (~2 g/cm3 instead of ~1 
g/cm3 for the other networks). In addition, we find that chirality plays a lesser role on thermal properties 
than the individual SWNT lengths and overall junction density. Our results are in good agreement with 
mesoscopic models relating the SWNT film thermal conductivity to mass density [4].  

 The thermal conductivity of the materials studied here is comparable to that of metals like Al while 
having one-half the mass density, making SWNT films attractive as lightweight thermal and electrical 
conductors. In addition, unlike metals, the SWNT film thermal properties can be tuned over several orders 
of magnitude by varying the SWNT length and junction density [4,5]. 

 
[1] M. C. Hersam, Nature Nanotech. 3, 387-394 (2008) 
[2] H. Wang et al., ACS Nano 26, 2659-2668 (2013) 
[3] F. Lian et al., MRS Spring Meeting (2013) 
[4] A. N. Volkov et al., App. Phys. Lett. 101, 043113 (2012) 
[5] R. Prasher et al., Phys. Rev. Lett. 102, 105901 (2009) 
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Tailoring thermal radiative properties with film-coupled concave 
grating metamaterials  

H. Wang and L.P. Wang 
 

School for Engineering of Matter, Transport & Energy 
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Spectral control of thermal radiation has numerous applications in energy harvesting, thermal 
management, spacing cooling, and optical sensing. Over last decade, various micro/nanostructures have 
been demonstrated to tailor thermal radiative properties based on different physical mechanisms. Among 
them, the metal-insulator-metal, or so-called film-coupled metamaterials have drawn much attention. 
Perfect absorbers and coherent emitters made of film-coupled metamaterials with different geometries 
such as one-dimensional (1D) grating [1,2], 2D patch arrays [3,4], disk arrays [5], cross bars [6], and 
nanoparticles [7] have been studied, in which magnetic polaritons (MPs) and surface plasmon polaritons 
(SPPs) can be excited, resulting in exotic radiative properties. MP refers to the coupling between incident 
electromagnetic fields and magnetic resonance inside the structures, while excitation of SPP is due to the 
oscillation of charges at the interface of different media whose real parts of permittivity have opposite 
signs. However, the photon transport with film-coupled concave gratings made of subwavelength mesh-
like patterns is little investigated. There have been discussions about the optical properties of photonic 
crystals and fishnet structures with similar geometries, but the effects of MP and SPP in controlling the 
radiative properties of film-coupled concave grating micro/nanostructures are not well understood so far. 
 
This work numerically investigates the radiative properties of film-coupled metamaterials made of a 2D 
metallic concave grating on a continuous metal film separated by an ultrathin dielectric spacer. 
Spectrally-selective absorption is demonstrated in the visible and near-infrared regime, and underlying 
mechanisms are elucidated to be either localized MPs or SPPs excited inside the metamaterial. The 
unique behaviors of MPs and SPPs are explained with the electromagnetic field distributions at respective 
resonance frequencies. Geometric effects such as ridge width and grating period on the resonance 
absorption peaks are discussed. An inductor-capacitor model is utilized to further confirm the excitation 
of MP, while dispersion relation is used to understand the behaviors of different SPP modes. Directional 
radiative properties of the proposed metamaterial structure are also studied for different polarization states 
as well.  
 
[1] B.J. Lee, L.P. Wang, and Z.M. Zhang, Opt. Express. 16, 11328 (2008). 
[2] L.P. Wang, and Z.M. Zhang, Appl. Phys. Lett. 100, 063902 (2012). 
[3] H. Wang, and L.P. Wang, Opt. Express. 21, A1078 (2013). 
[4] B. Zhao, L.P. Wang, Y. Shuai, and Z.M. Zhang, Int. J. Heat Mass Transfer. 67, 637 (2013). 
[5] C.W. Cheng, M.N. Abbas, C.W. Chiu, K.T. Lai, M.H. Shih, and Y.C. Chang, Opt. Express. 20, 10376 

(2012). 
[6] X. Liu, T. Starr, A.F. Starr, and W.J. Padilla, Phys. Rev. Lett. 104, 207403 (2010). 
[7] H. Wang, K. O’Dea, and L.P. Wang, Opt. Lett. 39, 1457 (2014). 
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Thermal Conduction in Gallium Nitride Composite Substrates 
Jungwan Cho, Mehdi Asheghi, and Kenneth E. Goodson 

 
Department of Mechanical Engineering, Stanford University, Stanford, CA, USA 

 
GaN-based high electron mobility transistors (HEMTs) are promising for next generation radar 
applications due to their wide band gap, high electron velocity, and high breakdown field [1]. However, 
due to the high power density in GaN HEMT devices, localized self-heating can be a critical issue. 
HEMT self-heating can degrade device performance and impair reliability and stability [2]. Thus, in terms 
of thermal management, efficient heat removal from active semiconducting regions is a key task, which is 
often limited by the material quality of the GaN composites [3],[4]. 
 
For the epitaxial growth of high-performance GaN/AlGaN HEMT structures, SiC is commonly used as a 
substrate material because SiC offers much higher thermal conductivity (~400 W m–1 K–1) than 
conventional Si (~142 W m–1 K–1) and sapphire (~35 W m–1 K–1). An AlN transition film is commonly 
used as an interlayer material in the heteroepitaxial growth of GaN on SiC substrates to minimize the 
lattice mismatch stress and enable the growth of a high-quality GaN buffer layer. But due to significant 
mechanical strain present in the AlN transition film, a high density of microstructural defects exist within 
the volume of the transition film and near its interface, which impedes heat transport into the substrate 
[5]. Substrates containing CVD diamond can be a viable material solution due to their potentially high 
thermal conductivity (as much as 5 times higher than that of SiC). However, the current GaN on diamond 
technology often incorporates a low thermal conductivity transition layer at the interface of the GaN and 
the diamond, which can partly offset the benefit of using the high conductivity materials [6]. 
 
This poster presentation will describe our experimental and theoretical investigation of thermal 
conduction in GaN composite substrates containing Si, SiC, and diamond [3], [5]-[7]. We measure the 
thermal resistance of the transition layer between the GaN buffer layer and the substrate as well as the 
thermal conductivity of the GaN, using picosecond time domain thermoreflectance (TDTR). We 
theoretically examine the relevant phonon scattering mechanisms responsible for the temperature trend of 
the transition layer resistance. The best available data in literature are also presented in comparison with 
our thermal modeling as well as our data. 
 
[1] U. K. Mishra, Shen Likun, T. E. Kazior, and Yi-Feng Wu, Proceedings of the IEEE 96, 287 (2008). 
[2] G. Meneghesso, G. Verzellesi, F. Danesin, F. Rampazzo, F. Zanon, A. Tazzoli, M. Meneghini, and E. 
Zanoni, IEEE Trans. Device Mater. Rel. 8, 332 (2008). 
[3] J. Cho, Z. Li, M. Asheghi, and K. E. Goodson, Annu. Rev. Heat Transfer 18 (2014). 
[4] Y. Won, J. Cho, D. Agonafer, M. Asheghi, and K. E. Goodson, IEEE Symposium on Compound 
Semiconductor Integrated Circuit, Monterey, CA (2013) 
[5] J. Cho, Y. Li, W. E. Hoke, D. H. Altman, M. Asheghi, and K. E. Goodson, Phys. Rev. B 89, 115301 
(2014). 
[6] J. Cho, Z. Li, E. Bozorg-Grayeli, T. Kodama, D. Francis, F. Ejeckam, F. Faili, M. Asheghi, and K. E. 
Goodson, IEEE Trans. on Components, Packaging and Manufacting Technology 3, 79 (2013). 
[7] J. Cho, E. Bozorg-Grayeli, D. H. Altman, M. Asheghi, and K. E. Goodson, IEEE Electron Device Lett. 
33, 378 (2012). 
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Analytical interpretation of non-diffusive phonon transport in
thermoreflectance thermal conductivity measurements 

K. T. Regner1, A. J. H. McGaughey1,2, and J. A. Malen1,2 
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The thermal conductivity accumulation function describes spectral contributions to the bulk 
thermal conductivity of a solid from different mean free path energy carriers. Experimentally, the 
accumulation function is obtained by measuring the thermal conductivity of the solid as a function of a 
variable experimental length scale. In recent work, these measurements are converted into an 
accumulation function by assuming that energy carriers with mean free paths larger than the characteristic 
experimental length scale do not contribute to the measured value of thermal conductivity and energy 
carriers with mean free paths less than the characteristic experimental length scale fully contribute. 
However, this conversion function (known as the suppression function) is not as straightforward as 
originally proposed and has a more complicated functional dependence on the characteristic experimental 
length scales, which are different for different techniques.   

 
In this work, we derive a suppression function for frequency-domain thermoreflectance (FDTR). 

In FDTR, there are two characteristic length scales: the thermal penetration depth, which arises from 
temporally sinusoidal laser heating, and the diameter of the laser spot. We account for both of these 
length scales in our derivation of the suppression function and obtain an analytical expression by solving 
the Boltzmann transport equation for phonons in spherically symmetrical geometry under the relaxation 
time approximation. The result can be used to effectively convert thermal conductivity measurements by 
FDTR (which are functions of both thermal penetration depth and laser spot diameter) to the thermal 
conductivity accumulation function in non-metallic, crystalline materials. 
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Thin film thermal transport via high-repetition-rate, time-resolved 
x-ray diffraction 

M. Kozina1,2, T. Hu3,4, H. Liu1,4, J.S. Wittenberg5, E. Szilagyi5,6, M. Trigo1,5, T.A. Miller3,5, C. 
Uher7, A. Damodaran8, L. Martin8, A. Mehta9, J. Corbett9, J. Safranek9, D. Reis1,2,5, and A. 

Lindenberg1,3,5 
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3 Department of Materials Science and Engineering, Stanford University, Stanford, CA, USA 
4Department of Physics, Stanford University, Stanford, CA, USA 

5Stanford Institute for Materials and Energy Sciences, SLAC National Accelerator Laboratory, 
Menlo Park, CA, USA 

6Department of Chemistry, Stanford University, Stanford, CA, USA 
7Department of Physics, University of Michigan, Ann Arbor, MI, USA 

8Department of Materials Science and Engineering, University of Illinois Urbana Champaign, 
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We utilized time-resolved x-ray diffraction to monitor heat flow through thin film materials and across 
subsequent interfaces in the near-equilibrium regime.  A 1 MHz, 500 fs optical laser was used at moderate 
to low fluences (200-25 μJ/cm2)  to excite strain waves in nanoscale films of BiFeO3, Pb(Zr,Ti)O3, and 
Bi very close to equilibrium.  The laser-induced strain in these films was directly studied via a change in 
the center of mass of the diffraction peak of the thin films using short (15 ps and 60 ps) x ray pulses from 
a synchrotron at a 1 MHz repetition rate, a subtle measurement enabled by the high stability and repetition 
rate of the synchrotron.  
 
Through this same technique, we measured the delayed transit of this strain wave from the thin film into 
another layer (either the substrate itself or another thin layer), thereby directly probing thermal transport 
processes across solid/solid interfaces.  Moreover, we indirectly explored thermal transport across an 
interface by examining recovery times for the excited thin film.  The majority of these results are 
discussed in Ref. [1]. 
 
 
[1] M. Kozina et al., Structural Dynamics 1 034301 (2014).  

  



 

 

M

Canonical
kinetics o
film of a
structure 
aligned no
and lower
different n
transport 
kinetics o
pore. One
capillary r
(see Fig. 
diffusion,
the thickn
easily. On
diffusion,
water. Fin
examined
case of su
Poiseuille
dominant 
 

Molecular

1Gra

2Dep

l ensemble m
of water uptak
a crystalline s

was sliced b
ormal to the t
r surfaces of 
number of wa
mechanism, 

of water uptak
e was diffusio
rise of liquid 
1). Next, the
 the temperat

ness of water l
n the other ha
 and the tem
nally, from th

d. As a result, 
urface diffusio
e-like flow wa

for surface d

r dynamic

K

aduate Schoo
5-1-5 K

artment of M
7-3-1 Ho

molecular dy
ke into mesop
structure with

by two parall
two parallel p
mesoporou s

ater molecule
NVT-MD sim
ke depends o

on of water alo
water accomp

e relaxation r
ture dependen
layer. This is 
and, the wate

mperature dep
he molecular
the translatio

on, the veloci
as observed f

diffusion, whil

Fig

c simulat
na

K. Yamashit

ol of Frontie
Kashiwanoha
Mechanical E
ongo, Bunkyo

ynamics (NV
porous silica.
h a finite cy
el planes (to
planes. Initial
silica thin film
e N and temp
mulations wer
on N and ther
ong the inner
panying the f
rate constant 
nce of relaxat
due to water 

er uptake rate
endence of w
r point of vie
onal motion o
ity profile wa
for capillary r
le water-wate

. 1: Snapshot 

87

tions of w
anopore
ta1 and H. D

 
er Sciences, 
a, Kashiwa 2
Engineering,
o-ku, Tokyo 

 
VT-MD) simu

 In this sturd
ylindrical por
p and bottom
lly, two wate
m, and then,

perature T. At
re performed
re were two d
r surface of th
formation of m

was investig
tion rate show
molecule in t

e of capillary
water uptake 
ew, radial pro
of water in the
s correlated w
rise case. The
er interaction 

 
of NVT-MD 

 

water upt

Daiguji1,2 

The Univers
277-8563, Ja
g, The Univer

113-8656, J

ulations were
dy, mesoporou
re normal to 
m planes) and
er liquid thin 

NVT-MD sim
t first, in orde
d with varyin
different wat

he pore (surfa
meniscus at th
gated by vary
ws that the ac
the outer adso

y rise was mu
rate could be
ofile of veloc
e first layer w
with layered d
ese results su
is dominant f

simulations.

take into

sity of Tokyo
apan 
rsity of Toky
Japan 

e performed 
us silica was 
the film sur

d a finite cy
films were p
mulations we
er to gain ins

ng N at 300 K
ter transport m
ace diffusion)
he pore entra
ying T for ea
ctivation energ
orption layers
uch greater th
e expressed b
city and dens

was obviously
distribution o

uggest water-s
for capillary r

 

o a silica 

o 

yo 

to investigat
modeled as 

rfaces. The c
ylindrical pore
laced on the 

ere performed
sight into the 
K. As a resul
mechanisms 
, and the othe

ance (capillary
ach N. For su
gy was affect
s could move
han that of su
by the viscos
sity of water

y restricted. F
f density, wh
silica interact
rise. 

te the 
a thin 

crystal 
e was 
upper 

d with 
water 
lt, the 
in the 
er was 
y rise) 
urface 
ted by 
e more 
urface 
sity of 
r were 
or the 

hereas, 
tion is 



 

 88

Probing Radiative Heat Transfer in the Extreme Near-Field 
Kyeongtae Kim1, Bai Song1, Woochul Lee1, Wonho Jeong1, Edgar Meyhofer1, and Pramod 

Reddy1,2 
 

1 Department of Mechanical Engineering, University of Michigan, Ann Arbor, MI 48109, USA 
2 Department of Material Science and Engineering, University of Michigan, Ann Arbor, MI 

48109, USA 
 

Fluctuational electrodynamics based calculations predict significant enhancements in radiative heat 
transfer as the spatial separation between an emitter and a receiver is reduced to the nanoscale. Previous 
experiments performed with a microsphere and a planar surface yielded results that were in good 
agreement with theoretical predictions for gaps as small as 30 nm [1]. In order to understand near-field 
radiative heat transfer in the extreme near-field regime (gaps of 1 – 10 nm) we recently performed 
systematic studies using atomic force microscope (AFM) based scanning probes, with integrated 
nanoscale thermocouples as a thermal sensor, which were coated with metals/dielectrics. Our experiments 
of heat transport between the scanning probes and a flat substrate coated with a metal/dielectric, 
performed in an UHV environment, suggest that heat transport is dramatically enhanced in the near-field. 
The measured heat flows between both dielectric surfaces and metallic surfaces were found to be in 
reasonable agreement with theoretical predictions [1-3]—thus establishing the validity of using 
fluctuational electrodynamics in modeling near-field heat transport even at single-digit nanometer 
separations. 
 
[1] S. Shen, A. Narayanaswamy, and G. Chen, Nanoletters 9(8), 2909 (2009) 
[2] K. Joulain, J. Mulet, F. Marquier, R. Carminati, and J. Greffet, Surface Science Reports 57, 59 (2005) 
[3] E. Rousseau, A. Siria, G. Jourdan, S. Volz, F. Comin, J. Chevier, and J. Greffet, Nature Photonics 3, 
514 (2009) 
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Thermal Radiation Control by Using Gold Coated  
Micro-Particle Array 

M. Kashiwagi, Z. Zheng, K. Ishihara, M. Egami, S. Iwata, K. Miyazaki 
 

Kyushu Institute of Technology, 1 – 1 Sensui-cho, Tobata-ku, Kitakyushu, 804-8550 Japan 
 

Spectral thermal radiative properties can be controlled by the microstructure on the surface of the 
materials. Spectral controls of thermal radiation have been intensively investigated as a simple emitter by 
using structured metal surfaces, such as open-end resonance [1,2], surface plasmon polariton [3,4], and 
spoof surface plasmon [5,6]. We investigated thermal radiation properties of gold coated micro-particle 
array numerically and experimentally. We numerically calculated the emittance of the gold coated micro-
particle array by using rigorous coupled wave analysis (RCWA). The periodic structures were made by 
micro-spheres of SiO2, which diameters were 2μm, 3μm and 5μm. The surfaces of the structures were coated by 
gold thin film with10nm thickness. The Fourier harmonics is set to 10, and the calculation mesh size was 0.15nm. 
The numerically calculated spectral normal emittances were shown in Fig.1. The strong enhancement of 
the emittance was calculated in the wavelength vicinity to the period of the micro-structures due to 
plasmonic effects on the emission. 
 
The micro-periodic structures were fabricated by using Convective Self-Assembly and gold deposited 
thin film on the micro-periodic structures surface. The gold thin film was deposited on the flat Si wafer 
simultaneously, and the measured thickness of the gold film was 50nm. The measured spectral normal 
emittance of a surface modified structure with 5μm micro-spheres were shown in Fig.2. The enhancement 
of the emittance around 5μm was confirmed. On the other hand, any enhancement of absorptance was not 
measured in the flat surface with a gold thin film. The results were roughly agreed with the numerically 
calculated results. 
 

Fig. 1: Numerically calculated spectral normal 
emittances of the periodic structures with 2μm, 
3μm, and 5μm period. 

Fig. 2: Measured spectral normal emittances of 
surface modified micro-particle array (5 μm 
period), and flat gold thin film. 

 
[1] Hesketh P.J. et al, Nature 324, 549 (1986). 
[2] Maruyama S. et al, Appl. Phys. Lett. 79, 1393 (2001). 
[3] Biener G. et al, Appl. Phys. Lett. 92, 081913 (2008). 
[4] Miyazaki H. et al, Appl. Phys. Lett. 92, 141114 (2008). 
[5] Pendry J.B. et al, Science 305, 847 (2004). 
[6] Ueba Y. et al, Opt. Lett. 36, 909 (2011). 
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High-resolution thermal bridge method and its applications to one-
dimensional nanostructures 
M. C. Wingert1, J. Zheng1, and R. Chen1 

 
1 Department of Mechanical and Aerospace Engineering, University of California, San Diego, 

La Jolla, California 92093, USA 
 

Advances in nanoscale thermometry, particularly for one-dimensional nanostructures, are necessary for 
extending our understanding of nanoscale thermal transport phenomena. We have developed a high-
resolution thermal bridge method based on the widely-used suspended device platform, which allows us 
to measure thermal conductance with sub-pW/K resolution. First, we have demonstrated that the addition 
of an on-chip bridge circuit for common-mode noise rejection can provide noise-equivalent temperatures 
below 1 mK and a minimum conductance of 10 pW/K [1]. Second, by using a modulated heating scheme 
akin to the 3-omega technique along with the bridge circuit, temperature and conductance resolutions of 
~50 μK and ~0.25 pW/K, respectively, can be achieved [2]. Furthermore, the parasitic background 
thermal conductance can be effectively eliminated using the on-chip bridge setup. With the achieved 
increases in resolution from these thermometry techniques, we have measured the thermal properties of 
organic and inorganic nanostructures with low thermal conductance. These studies have included 
measurements on: sub-20 nm semiconductor nanowires with greatly reduced thermal conductivity [3], 
size effects in thin-shelled semiconductor nanotubes, and thermal conductivity and its correlation with 
mechanical properties of polymer nanofibers [4]. These advances in thermometry and the ability to 
measure small-diameter and low-conductance nanostructures will enhance our understanding of nanoscale 
thermal transport phenomena. 
 
[1] M. C. Wingert, Z. C. Y. Chen, S. Kwon, J. Xiang, and R. Chen, Rev. Sci. Instrum. 83, 024901 (2012).  
[2] J. Zheng, M. C. Wingert, E. Dechaumphai, and R. Chen, Rev. Sci. Instrum. 84, 114901 (2013).  
[3] M. C. Wingert, Z. C. Y. Chen, E. Dechaumphai, J. Moon, J. H. Kim, J. Xiang, and R. Chen, Nano 
Lett. 11, 5507-5513 (2011).  
[4] Z. Zhong, M. C. Wingert, J. Strzalka, H. H. Wang, T. Sun, J. Wang, R. Chen, and Z. Jiang, 
Nanoscale, (2014), DOI: 10.1039/c4nr00547c.  
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Thermal Transport in Nanocrystal Superlattices 
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We use multiscale computational models to study thermal transport in nanocrystal superlattices (NCSLs). 
NCSLs are formed by assembly of nanocrystals into organized structures with interesting and tunable 
properties. They present new phononic behaviors by combining dissimilar materials structured on the 
nanometer scale. We study thermal transport in these materials by calculating phonon dispersion curves 
and thermal conductivity. The low thermal conductivity of these materials makes them potential 
candidates for thermoelectric applications. Such computational models provide a complement to 
experiments for understanding the behavior of NCSLs, and help us modify their design to achieve better 
properties. 
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Thermal Conductivity of Metallic Nanostructures Synthesized via
Template-assisted Electrodeposition 

M. T. Barako1, Shilpi Roy1, Takashi Kodama1, Mehdi Asheghi1, and Kenneth E. Goodson1 
 

1 Stanford Nanoheat Laboratory, Stanford, CA, United States of America 
 
 

Metallic nanostructures leverage the high thermal conductivity of bulk metal while gaining additional 
advantageous functions through nanostructuring, such as flexibility derived from the high aspect ratio of 
nanowires and fluid-permeability that is an intrinsic property of inverse opals. In the present work, we 
develop a synthesis route to produce these two different nanostructured metals based on template-assisted 
electrodeposition and a corresponding thermal characterization methodology based on the 3ω method to 
measure the effective thermal conductivity of the resulting films. 
 
Template-assisted electrodeposition is a simple, 
scalable, and inexpensive avenue to synthesize large-
area nanomaterials. This technique begins with the 
fabrication of a sacrificial template containing the 
inverse geometry of the final nanostructure. Metal is 
then electrodeposited into the interstitial spaces of 
the template, which is subsequently dissolved. This 
leaves behind the freestanding metallic nanostructure 
with the inverse geometry of the template. In this 
work, we specifically explore the thermal conduction 
properties of copper inverse opals and nanowire 
arrays grown by this method. Metal inverse opals are 
synthesized by using electrodeposition to infiltrate the interstitial spaces of a sacrificial opal template (see 
Fig. 1, left) [1]. The opal is formed by self-assembling silica nanospheres with diameters as small as ~200 
nm into a close-packed crystalline structure. The inverse opal then contains large pores that have the same 
diameter as the nanospheres along with narrow, fluid-permeable windows between adjacent pores. This 
structure can be used for high heat flux microfluidic cooling applications owing to its high thermal 
conductivity and large available surface area, which leads to a low total thermal resistance pathway. 
Vertically-aligned metal nanowire arrays (see Fig. 1, right) are synthesized using a nanoporous membrane 
as the sacrificial template [2]. Both polycarbonate track-etched membranes and anodized aluminum oxide 
membranes are commonly used for this due to their high degree of aligned pores with tunable properties 
without the need for lithographic processing. These nanowire arrays preserve the high axial thermal 
conductivity of metal while gaining the mechanical compliance derived from the individual nanowires, 
which are necessary requirements for high-performance, long-lifetime thermal interface applications. A 
3ω methodology is presented to measure the effective thermal conductivity, where the film is synthesized 
onto an electrically-passivated heater-on-substrate device. Finally, we present preliminary modeling and 
experimental results to predict and measure the effective thermal conductivity of these two classes of 
nanomaterials. 
 
[1] M.T. Barako, J.M. Weisse, S. Roy, T. Kodama, T.J. Dusseault, M. Motoyama, M. Asheghi, F.B. 
Prinz, X. Zheng, and K.E. Goodson, Proc. ITherm (2014).  
[2] M. E. T. Molares, V. Buschmann, D. Dobrev, R. Neumann, R. Scholz, I. U. Schuchert, and J. Vetter, 
Adv. Mat., 13, 62-65 (2001). 

 

 
 
 
 
 
 

Fig. 1: Scanning electron microscopy images 
depicting (left) a copper inverse opal 
and (right) a vertically-aligned array of 
copper nanowires. 
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The transport of phonons, which are the dominant heat carriers in non-metallic solids, is usually diffusive 
and described by Fourier’s law of heat conduction. There are, however, some extraordinary cases where 
Fourier’s law is known to fail. Regimes where Fourier’s law breaks down, such as ballistic and 
hydrodynamic phonon transport, were discovered in bulk three-dimensional materials more than 50 years 
ago, but these phenomena were observed only at extremely low temperatures [1,2]. The recent 
development of low-dimensional and nanostructured materials, however, has highlighted the practical 
importance of ballistic phonon transport in applications such as thermoelectric and electronic devices. In 
this work, we discuss how hydrodynamic phonon transport as well as ballistic phonon transport can be 
significant in a low-dimensional material, particularly in graphene. 
 
The main feature of hydrodynamic phonon transport is macroscopic motion of phonons with a drift 
velocity just like drift motion of molecules in fluid flow. The drift motion causes two representative 
phenomena of hydrodynamic transport: phonon Poiseuille flow and second sound which are analogous to 
fluid Poiseuille flow and ordinary sound in fluid, respectively. Our first principles calculation shows that 
the drift motion of phonons, phonon Poiseuille flow, and second sound occur in suspended graphene at 
100 K, much higher than the temperature (~15 K) reported for bulk three-dimensional materials [3]. The 
significant hydrodynamic phonon transport in suspended graphene can be associated with graphene’s 
two-dimensional features including flexural acoustic phonon modes. Our report on the hydrodynamic 
phonon transport in suspended graphene will stimulate new approaches beyond those from diffusive or 
ballistic pictures to understand and manipulate heat flow in two-dimensional materials. 
 
[1] H. B. G. Casimir, Physica 5 (1938). 
[2] J. A. Sussmann, and A. Thellung, Proc. Phys. Soc. 81 (1963). 
[3] H. E. Jackson, C. T. Walker, and T. F. McNelly, Phys. Rev. Lett. 25 (1970). 
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Biomedical thermal therapies are used to treat a variety of diseases such as cardiovascular disease and 
cancer, and to accomplish cryogenic preservation for transplants and skin grafts.  Safe implementation of 
these techniques requires building a reliable thermal model of the biological system, which requires 
accurately knowing the associated thermal conductivities, k.  Unfortunately, traditional techniques for 
measuring k require biological samples to be at least 10 mm thick, rendering many important thin tissues 
immeasurable, and are susceptible to errors from thermal contact resistance and parasitic heat losses to the 
environment.  In this work, we adapt the “3-Omega” technique [1, 2]—traditionally used for rigid 
inorganic solids—to overcome all of these limitations.  We demonstrate that with this “Supported 3-
Omega” technique [3, 4] we are able to measure the thermal conductivity of both frozen and thawed 
mouse liver.  This technique naturally gives rise to a conveniently reusable sensor, and has the potential to 
measure samples less than 100 microns thick.  We measure 9 separate samples ranging from 3 mm thick 
down to 0.5 mm, at both frozen and thawed temperatures.  The measured k values of thawed tissue 
samples around 27 ºC have a spread of 7% (sd), and the frozen tissue samples around -23 ºC have a 
spread of 2% (sd), demonstrating that the measured k values are independent of the thickness of the 
sample used. 
 
[1] D. G. Cahill, Rev. of Sci. Inst. 61 (2), 802-808 (1990).  
[2] C. Dames and G. Chen, Rev. of Sci. Inst. 76 (12), (2005).  
[3] D.-W. Oh, A. Jain, J. K. Eaton, K. E. Goodson, and J. S. Lee, Int. Jrnl. of Heat & Fluid Flow 29(5), 
1456–1461 (2008). 
[4] Byoung Kyoo Park et al. App. Phys. Lett. 102(20), 203702 (2013).  
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Nanofluids are submicron size nanoparticles suspended in fluids. Recent studies indicate that by adding 
nanoparticles, it is possible to significantly change thermophysical properties of pure fluids, such as 
thermal conductivity, critical heat flux, mass diffusivity, surface tension, specific heat, viscosity, and 
latent heat. Although the latent heat of vaporization (hfg) is an important thermal property, few researchers 
have studied the variation of hfg. Among them, the enhancement of the latent heat of vaporization in 
nanofluids is reported by Ammen et al. (2010) using molecular dynamics (MD) simulation and 
experiments. The co-authors, Lee et al. (2014), demonstrated that hfg can be increased with graphite 
nanoparticles and decreased with silver nanoparticles. The results show that by adding a small amount 
(0.1% by volume) of graphite or silver nanoparticles in pure water, the latent heat of vaporization can be 
varied up to ± 30%. In this paper, we report a conceptual analysis of hfg for aqueous nanofluids based on 
the Clausius-Clapeyron equation, using measured thermophysical properties, such as density and surface 
tension. This approach can be used for understanding the details about the variation of hfg in nanofluids.  
 
[1] M. M. Ameen, K. Prabhul, G. Sivakumar, P. P. Abraham U. B. Jayadeep, and C. B. Sobhan, 
“Molecular dynamics modeling of latent heat enhancement in nanofluids,” International Journal of 
Thermophysics 31, pp. 1131-1141 (2010). 
 
[2] S. Lee, P. E. Phelan, L. Dai, R. Prasher, A. Gunawan, and R. A. Taylor, “Experimental investigation 
of the latent heat of vaporization in aqueous nanofluids, Appl. Phys. Lett. 104, 151908, (2014).  
 
[3] R. A. Taylor, P. E. Phelan, R. J. Adrian, A. Gunawan, and T. P. Otanicar, Int. J. Thermal Sciences 056, 
1-11 (2012). 
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Evaluation of thermal conductance in nanostructured semiconductor is of great interest for many 
applications such as thermoelectrics. Classically, the size effect on lattice thermal conductivity is 
interpreted in terms of boundary scattering of phonons, limiting phonon mean free path [1]. The effective 
mean free path Λeff in nanostructures here involves two different scattering mechanisms: intrinsic phonon 
scattering and boundary scattering, which have been often expressed as Λeff

-1 =Λbulk
-1+Λbdy

-1 using 
Matthiessen’s rule [2]. Here Λbulk is the bulk mean free path only due to intrinsic phonon scattering, and 
Λbdy is the mean free path associated with the scattering by material boundaries. While the experimental 
and numerical studies [3,4] have identified the distribution of Λbulk and its influence on lattice thermal 
conductivity, the work on Λbdy is limited.  

 
In this work, we calculate the effective mean free path in nanostructures, in particular, polycrystalline 
nanostructures. A numerical transmission model was developed based on the kinetic theory and the 
Landauer’s formula to obtain Λbdy in the nanostructures. The difference of the effective mean free path in 
simple and complex shape structures is discussed. 
 
[1] H. B. G. Casimir, Physica, 5, 495 (1938). 
[2] Z. Wang, J. E. Alaniz, W. Jang, J. E. Garay and C. Dames, Nano letters, 11, 2206 (2011). 
[3] A. J. Minnich, J. A. Johnson, A. J. Schmidt, K. Esfarjani, M. S. Dresselhaus, K. A. Nelson and G. 

Chen, Physical Review Letters, 107, 095901 (2011). 
[4] K. Esfarjani, G. Chen and H. T. Stokes, Physical Review B, 84, 085204 (2011). 
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A 3 omega method to Measure an Arbitrary Anisotropic Thermal 
conductivity Tensor  

Vivek Mishra1 and Chris Dames1,2 

 
1Department of Mechanical Engineering, University of California at Berkeley, CA 94720, USA 

2Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA 
 

The 3 omega method is one of the major electrothermal methods for probing thermal conductivity at 
small scales. This method has been adapted for anisotropic multilayer substrates[1], [2] and attempts have 
been made to develop closed form solutions for substrates with small anisotropy ratios[3].  These 
previous works have been restricted to substrates whose anisotropic principal conductivities are aligned 
parallel and perpendicular to the heater line and sample surface. In this work, we solve the 3 omega 
problem for the general case of a semi-infinite substrate with anisotropic thermal conductivity having 
arbitrarily oriented principal conductivities. An exact closed form solution for surface temperature has 
been found for the case of an ideal finite width, infinitely long 3 omega heater line deposited on an 
anisotropic substrate. 
 
 Following upon the analytical result, an experimental scheme is proposed to isolate the thermal 
conductivity tensor elements. Using only one heater line and a known volumetric heat capacity, the 2-
dimensional anisotropic thermal conductivity tensor in the aligned case can be measured with a low 
frequency sweep. A total of four heater lines would be required to extend this method to measure all 6 
unknown elements of the complete non-diagonal 3-dimensional anisotropic thermal conductivity tensor. 
Anisotropic mica sheets, appropriately machined to ensure arbitrary principle conductivity direction, are 
being used as a test sample for these experiments.  
 

[1] T. Borca-Tasciuc, A. R. Kumar, and G. Chen, “Data reduction in 3ω method for thin-film thermal 
conductivity determination,” Rev. Sci. Instrum., vol. 72, no. 4, p. 2139, 2001. 

[2] T. Tong and A. Majumdar, “Reexamining the 3-omega technique for thin film thermal 
characterization,” Rev. Sci. Instrum., vol. 77, no. 10, p. 104902, 2006. 

[3] A. T. Ramu and J. E. Bowers, “Analysis of the ‘ 3-Omega ’ method for substrates and thick films 
of anisotropic thermal conductivity,” vol. 043516, pp. 1–8, 2012.  

 



 

 99

Energy transport in molecular junctions 
Wonho Jeong1, Youngsang Kim1, Kyeongtae Kim1, Woochul Lee1 and Pramod Reddy1, 2 
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48109, USA 

 
Charge transport properties of metal-molecule-metal junctions (MMMJs) have been extensively studied 
due to their promise in molecular electronics and thermoelectrics. Although pioneering work has studied 
various charge transport phenomena in MMMJs, the ability to probe energy transport in molecular 
junctions has remained elusive due to major experimental challenges. In order to overcome these barriers, 
we developed two novel experimental platforms—NTISTPs (Nanoscale thermocouple integrated 
scanning tunneling probes) and EBJIHs (Electromigrated break junctions with integrated heater), which 
were extensively leveraged to study the effect of electronic structure of MMMJs on their heat dissipation 
and thermoelectric properties, respectively.  
 
The experimental results obtained using these platforms clearly highlight the dependence of heat 
dissipation and thermoelectric properties of MMMJs on their charge transmission characteristics. 
Specifically, we found that if junctions have charge transmission characteristics that are strongly energy 
dependent, heat is dissipated asymmetrically in the electrodes and is dependent on both the bias polarity 
and the identity of the majority charge carriers. Further, by tuning the electronic structure of molecular 
junctions, we found that their thermoelectric properties were significantly enhanced. It is expected that the 
platforms established here will enable testing various energy transport phenomena including Peltier 
effects at the atomic scale and efficient molecular scale thermoelectric energy conversion—an important 
and challenging goal in nano-science and technology. 
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Graphene-assisted near-field heat transfer between silica gratings 
X. L. Liu and Z. M. Zhang 

 
George W. Woodruff School of Mechanical Engineering 

Georgia Institute of Technology, Atlanta, GA 30332, USA 
 

Graphene has attracted much attention in the fields of nanoscale thermal radiation, but previous studies 
only consider the cases of graphene on simple planar substances while radiative heat transfer analysis of 
non-planar structures is becoming more necessary due to the high power dissipation requirement of 
current NEMS/MEMS devices. Silica is one of the best well known thermal emitters due to its two 
narrow band thermally excited surface phonon polariton (SPhP) modes. Unfortunately, corrugated silica 
can hardly have a better performance than bulk silica since the radiative transfer is local due to the short 
lateral propagation length of SPhPs. In this work, the near-field radiative heat transfer between graphene-
covered corrugated silica is investigated based on exact scattering theory. Graphene is demonstrated to 
improve the radiative heat flux between silica gratings by more than one order of magnitude and alleviate 
the performance sensitivity to lateral shift. The underlying mechanism is mainly attributed to the 
improved photon tunneling of modes away from phonon resonances. Besides, coating with graphene 
leads to nonlocal radiative transfer that breaks Derjaguin’s proximity approximation and enables 
corrugated silica to outperform bulk silica in near-field radiation. Similar observations can be expected 
for other polar materials supporting narrow band SPhP, such as SiC and MgO. In addition, the near-field 
radiative heat transfer between graphene ribbons with silica as the substrate is also discussed focusing on 
the interplay between graphene plasmons and SPhP. This work suggests possibilities for more efficient 
and robust contactless thermal management and photon energy harvesting based on graphene-covered 
metamaterials. 
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Thermal Conductivity of Two-Dimensional Transition Metal 
Dichalcogenides 

Xiaokun Gu1, and Ronggui Yang1 
 

1 Department of Mechanical Engineering, University of Colorado at Boulder, Colorado 80309, 
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Two-dimensional (2-D) materials such as graphene have attracted a lot of interest due to their 
extraordinary optical, electrical, and mechanical properties for various technological applications. While 
most previous work focused on graphene, the thermal transport in many other emerging 2-D materials is 
not well understood. In this work, we apply the phonon Boltzmann transport equation approach with 
interatomic force constants from first-principles calculations to predict the thermal conductivity of a 
variety of 2-dimensional transition metal dichalcogenides (TMDCs) with 2-H structure and 1-T structure. 
The thermal conductivities of 2-H TMDCs, MX2 (M=Mo, W and X=S, Se) are found in the range of 50 
to 200 W/mK at room temperature. While thermal conductivity MS2 is usually larger than MSe2, the 
effect of M atom is found to be abnormal. The thermal conductivity of WS2 is significantly larger than 
MoS2, though heavier elements in the same column in the periodic table are usually believed to give 
lower thermal conductivity. We find that this is due to a large phonon frequency gap between acoustic 
branches and optical branches that makes the acoustic-optical phonon-phonon scattering inefficient. 
Detailed scattering channel analysis further shows that the weak Umklapp scattering in WS2 also 
contributes to the high thermal conductivity. Compared with 2-H TMDCS, the thermal conductivities of 
1-T TMDCs, MX2 (M=Zr, Hf and X=S, Se) are much smaller and in the order of 10W/mK.   
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Near-field vacuum thermal transistor made of graphene-covered 
silicon carbide plates  

Y. Yang and L.P. Wang 
 

School for Engineering of Matter, Transport & Energy 
Arizona State University, Tempe, Arizona, 85287, USA 

 
Tremendous progress has been made during last decade in advancing the fundamental understanding of 
phonon transport at the nanoscale to manipulate heat flow in an exotic way, which has promising 
applications in thermal management, thermal circuits, and even “thermal computers”. On the other hand, 
photon-based heat modulation might offer some unique advantages over phonon transport such as much 
faster speed due to the inherent difference in the energy carriers. Very recently, radiation-based thermal 
rectification [1-3] has been studied. The only design of a vacuum thermal transistor reported so far was by 
Ben-Abdallah and Biehs through modulating the radiative heat transfer upon phase transition of VO2 [4]. 
However, active and continuous tuning of radiative heat transfer is quite limited when VO2 changes 
between metal and dielectric phases.  
 
In the present work, we propose a near-field vacuum thermal transistor made of two graphene-covered 
silicon carbide plates separated by a nanometer vacuum gap of 10 nm. Thick SiC plates serve as the 
thermal “source” and “drain”, and are maintained at 400 K and 300 K, respectively. Identical (i.e., 
symmetric) or different (i.e., asymmetric) “gate” voltages are applied to the graphene sheets and thus 
control respective chemical potentials, which in turn tune the optical properties of graphene. Recent 
studies have shown that, near-field thermal radiation could be modulated by different chemical potentials 
due to the coupling of graphene plasmon across the vacuum gap between suspended graphene sheets, or 
between graphene covered dielectric [5] or doped silicon plates. With fluctuational electrodynamics, we 
theoretically show that, near-field radiative heat flux between two graphene-covered SiC plates is actively 
modulated by varying chemical potentials from 0 to 0.5 eV. Interestingly, two spectral radiative heat flux 
peaks around the Restrahlen band of SiC exist due to four coupled graphene plasmon modes. This unique 
photon transport behavior across the nanometer vacuum gap, which is not observed in previous studies, 
can be explained by the significant variation of the dielectric behavior of SiC upon its strong phonon 
absorption. Thermal amplification factors, defined as the ratio of differential radiative heat flux to the 
differential chemical potential, are found as high as 24.5 MW/(m2 eV) for the symmetric case, and 59.2 
MW/(m2 eV) with asymmetric chemical potentials. The ratio of the maximum to the minimum radiative 
heat fluxes is 0.93 when varying chemical potentials of the source and drain graphene separately, 
indicating strong thermal switching effect to turn on or off the radiative heat transport at the nanoscale. 
 
[1] C.R. Otey, W.T. Lau, and S. Fan, Phys. Rev. Lett. 104, 154301 (2010). 
[2] L.P. Wang, and Z.M. Zhang, Nanosc. Microscale Thermophys. Eng. 17, 337 (2013). 
[3] Y. Yang, S. Basu, and L.P. Wang, Appl. Phys. Lett. 103, 163101 (2013). 
[4] P. Ben-Abdallah, and S.-A. Biehs, Phys. Rev. Lett. 112, 044301 (2014). 
[5] V.B. Svetovoy, P.J. van Zwol, and J. Chevrier, Phys. Rev. B 85,155418 (2012). 
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Rational Design and Control of Nanoscale Thermal Transport
Y. Hu1,2 and G. Chen2 

1 Department of Mechanical and Aerospace Engineering, University of California, Los Angeles, 
California, USA 90095 

2 Department of Mechanical Engineering, Massachusetts Institute of Technology, Cambridge, 
Massachusetts, USA 02139 

 
Currently, around 60% of total energy consumption in the US is lost as waste heat, far below the 2nd law 
limit, leaving plenty of room for research and innovation. Recent advances in energy technologies, from 
solar and thermoelectrics to batteries and fuel cells, have heavily explored nanoscale physics and 
materials. Yet, there are still many  challenges in the fundamental understanding and characterization of 
nanoscale energy transport where classical theories fail. There are ample opportunities to explore the 
unique structures, interfaces, operating principles, a nd integrating methodologies to achieve efficiency 
improvements and cost reductions in existing and emerging energy technologies. My research efforts will 
be focused on two folds: On one side, to develop high-performance and energy-efficient building blocks 
through rational design, chemical synthesis and integration of materials and devices. On the other side, to 
develop unique characterization platforms to measure thermal spectra, interfacial electron dynamics, and 
multicarrier non-equilibrium transport. The combination will provide unique platform s to study heat, 
electron, and ion transport, with a particular focus on multicarrier transport and energy conversion. I will 
apply the developed platforms for a wide range of applications in thermal management, energy 
conversion and storage systems. 
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Micro/Nanostructured Phase Separation Heat Exchangers                           
for High Power Density Electronics 

Y. Won1, D. Agonafer1, J. Palko1, C. Gorle1, F. Houshmand1, K. Lopez1, T. Dusseault1, M. 
Barako1, M. Hoffman1, J. Gires1, M. Asheghi1, J. Santiago1, and K. E. Goodson1 

 
1 Stanford University, 440 Escondido Mall, Stanford, USA 

 
The high power densities achieved by GaN high electron mobility transistor (HEMT) technology can 
dramatically increase the performance of radar systems, but increasing power will require improved heat 
removal technologies. Here we explore the dramatic enhancements in cooling (approaching fundamental 
limits) made possible with advanced thermal management technologies including engineered structures. 
 
The peak power density of GaN HEMT technology is limited by a hierarchy of thermal resistances from 
the junction to the ambient. Here our work utilizes evaporation to remove large heat fluxes while 
minimizing thermal resistances between junction and evaporation surface by using highly conductive 
materials (e.g. diamond and copper) to spread heat over larger areas and transmit heat to the phase change 
interface. The use of copper microporous structures, as shown in Fig. 1, allows delivery of liquid coolant, 
minimizes thermal resistance by producing ultra-thin liquid films to support evaporation, and increases 
effective heat transfer coefficient due to their small feature size. In combination with engineering of 
surface nanostructure and chemistry, microporous structures can also enable control of phase separation, 
which decreases the total pressure drop of the system. State of the art manufacturing technology using a 
templated electrodeposition method can produce structures with 
tightly controlled pore size (from < 1 um to 30 um) and thickness as 
well as extreme ordering in pore placement. Also, this template 
method can integrate porous liquid transport layers on the interior 
surfaces of microchannels. To understand the physics behind the 
porous structures produced and their performance in devices, 
characterization methods of the bilayer structures are required. 
Therefore, we implement image analysis to quantify morphological 
information and measure thermal conductivity, mechanical modulus, 
permeability, and burst pressure as a function of porous structure 
geometry [1-3]. Pore-level and channel-level VOF simulations are 
performed to estimate the heat transfer coefficient and to understand 
fundamental aspects of two-phase flow in engineered porous media. 
 
This poster includes key factors of recent DARPA-sponsored 
progress on the translation of electron kinetic energy in GaN 
HEMTs to fluid enthalpy through nanoengineered heat sinks 
(ICECool Fundamentals and ICECool Applications). This work is collaborated with multiple industries, 
including Raytheon, Boeing, IBM, and Nuvotronics.  

 
[1] Y. Won, M. Barako, M. Asheghi, K. E. Goodson, ITherm, Orlando, FL, USA, 2014.  
[2] T. J. Dusseault, J. Gires, M. T. Barako, D. D. Agonafer, Y. Won, M. Asheghi, J. G. Santiago, K. E. 
Goodson, ITherm Orlando, FL, USA, 2014.  
[3] D. D. Agonafer, K. Lopez, Y. Won, J. Palko, M. Asheghi, J. G. Santiago, K. E. Goodson, ITherm, 
Orlando, FL, USA, 2014.  

 
Fig. 1: Micrograph of porous copper 

structure produced by 
templated electrodeposition 
and electroetching process. 
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Development of New Simulation Method for Thermoelectric 
Responses of Large Scale Systems and Its Application 

Y. Takada1, and T. Yamamoto2 
 

1 College of Science and Engineering, Aoyama Gakuin University, 5-10-1 Fuchinobe, 
Sagamihara, Japan 

2 Faculty of Engineering, Tokyo University of Science, 6-3-1 Niijuku, Tokyo, Japan 
 

According to the social demand for developing the energy harvesting technologies, enhancement of 
thermoelectric performance of materials have been attracted much attention for the device applications. 
Because of the proposition, offered by Hicks and Dresselhaus, that the low-dimensional materials can 
provide significant enhancement of thermoelectric performance due to their high density of states [1], 
one-dimensional materials, e.g. various types of nanowires, have been intensively studied experimentally 
so far [2-3]. On the other hand, similar to the electrical and thermal transport studies, theoretical 
approaches can work as a possible strong tool to investigate the thermoelectric properties for nanoscale 
materials. There are, however, still no adequate standard method dealing with the nanoscale materials 
particularly considering a large-scale system, interactions, and so forth. 
 
In this study, we would like to discuss a new simulation method for thermoelectric responses based on 
linear response theory [4] and wave-packet dynamics [5]. We have developed the applicable form of 
Seebeck coefficient from the correlation function between electrical current and energy current, which 
can calculate from the diffusion of the wave-packet. Our new method contains the potential to apply the 
large-scale calculation even though we will take account of the electron-phonon interaction. In the 
presentation, we will discuss the theoretical derivation of our new simulation method and the results of its 
application. 
 
[1] L. D. Hicks and M. S. Dresselhaus, Phys. Rev. B 47, 16631 (1993). 
[2] A. Hochbaum, Nature 451, 163 (2008). 
[3] A. Boukai et al., Nature 451, 168 (2008). 
[4] R. Kubo, J. Phys. Soc. Jpn. 12, 570 (1957). 
[5] Y. Takada and T. Yamamoto, Jpn. J. Appl. Phys. 52, 06GD07 (2013).  
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Experimental Demonstration of a Photon Thermal Diode  
Z. Chen1, C. Wong2, S. Lubner1, S. Yee1, J. Miller2,  

W. Jang1, C. Hardin2, A. Fong2, J. Garay2, and C. Dames1,3 
 

1 Department of Mechanical Engineering, UC Berkeley, USA 
2 Department of Mechanical Engineering, UC Riverside, USA 

3 Materials Sciences Division, Lawrence Berkeley National Laboratory, USA 
 

A thermal diode is an analogue to the familiar electrical diode in the heat transfer domain [1]. Effective 
thermal rectifiers could benefit thermal engineering greatly. However, experimental demonstrations have 
lagged far behind theoretical proposals [2-3]. 
 
Here we experimentally demonstrate a ballistic thermal rectification mechanism for the first time. The 
device exploits the asymmetric scattering of photons by pyramidal reflectors. Control experiments verify 
recent theoretical predictions [4-5] that this mechanism also requires a non-linear thermal collimator 
element, due to a deep requirement of the 2nd Law of Thermodynamics. Experiments confirm both 
effects: With pyramids and collimator the thermal rectification is 10.9 ± 0.8%, while without the 
collimator no rectification is detectable (< 0.3%) [6]. 
 

 
 
 
 
 
 
 
Fig. 1: (a) Experimental setup and the two key ingredients: Asymmetry (polished copper) & nonlinearity 

(Au on graphite). (b) Experimental results: rectification needs both ingredients.  
 
  
[1] C. Dames, ASME J. Heat Transfer 131, 061301 (2009). 
[2] S. Saha, Ph.D. thesis, University of Texas, Austin, 2007 (PhD Adviser L. Shi). 
[3] C. R. Otey, W. T. Lau, and S. Fan, Phys. Rev. Lett. 104, 154301 (2010). 
[4] J. Miller, W. Jang, and C. Dames, ASME Summer Heat Transfer Conference (San Francisco, 2009). 
[5] A. A. Maznev, A. G. Every, and O. B. Wright, Wave Motion 50, 776 (2013). 
[6] Z. Chen, C. Dames, et al., “A Photon Thermal Diode,” in review. 
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Exploring Heat Transfer at the Atomistic Level for Thermal 
Energy Conversion and Management  

Z. Tian1, and G. Chen1 
 

1 Massachusetts Institute of Technology, 77 Massachusetts Ave, Cambridge, MA USA  
 

 
 

Heat transfer at the scales of atoms plays an important role in many applications such as thermoelectric 
energy conversion and thermal management of microelectronic devices. While nanoengineering offers 
unique opportunities to manipulate heat to our advantages, it also imposes challenges on the fundamental 
understanding of nanoscale heat transfer. As the characteristic lengths of the system size become 
comparable to the mean free paths of heat carriers, macroscopic theories based on heat diffusion are no 
longer valid due to size effects. Atomistic level simulation can provide powerful insights into the 
microscopic processes governing heat conduction. 
 
In this poster, we first introduce atomistic techniques to investigate phonon transport in bulk crystals. We 
start with normal mode analysis within the classical molecular dynamics framework to estimate the 
spectral phonon transport properties. Although it can provide the detailed phonon properties adequately, 
classical molecular dynamics with empirical potentials do not always yield accurate predictions. Then, we 
move to first-principles density functional theory (DFT) to compute mode-dependent phonon properties. 
Such simulations can well reproduce experimental values of phonon dispersion and thermal conductivity 
with no adjustable parameters, establishing confidence that such an approach can provide reliable 
information about the microscopic processes. These detailed calculations not only unveil which phonon 
modes are responsible for heat conduction in bulk crystals, but also expand our fundamental 
understanding of phonon transport, such as the importance of optical phonons. Next, we study thermal 
transport across single and multiple interfaces via the atomistic Green's function method, especially the 
impact of interface roughness on phonon transmission across a single interface and coherent phonon 
transport in superlattices. Both the DFT and Green’s function techniques provide fundamental parameters 
that then can be used to understand mesoscale transport. This paves the way for multiscale modeling from 
first-principles. Through these multiscale modeling efforts, we are able to obtain a comprehensive 
understanding of heat transfer from the atomistic to the macroscale, with important implications for 
energy applications.  
 
Complementary to the theoretical work, we measure the interface thermal conductance using ultrafast 
time-domain thermoreflectance experiments, examining thermal transport across solid-liquid interfaces 
modified by self-assembled monolayers. We find that an extra molecular layer can enhance the thermal 
transport across solid-liquid interfaces. 
 
In summary, theoretical, computational and theoretical approaches have been applied to study heat 
transfer at the atomistic level. These findings have improved our fundamental understanding of phonon 
transport properties with important implications for energy applications and beyond, and build a 
foundation for multiscale simulation of phonon heat conduction at the mesoscale.   
 
Acknowledgement: Z. T. would like to thank K. Esfarjani, J. Garg, J. Shiomi, T. Shiga, A. Henry, A. 
Marconnet, K. Collins, and M. Luckyanova for their contribution to this work. This work is supported by 
the S3TEC, an Energy Frontier Research Center funded by the U.S. Department of Energy, Office of 
Science, Office of Basic Energy Sciences under Award Number DE-FG02-09ER46577.  
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4 Dept. of Physics, Stanford University, Stanford, CA 94305, U.S.A. 
 
 

The thermal properties of two-dimensional (2D) materials like graphene, h-BN, MoS2 and WS2, as well as 
their stacks are uniquely anisotropic, characterized by high in-plane but very low out-of-plane thermal 
conductivity. Here we provide a comparative study of the ballistic limits of heat flow in 2D layers and 
stacks. Based on full phonon dispersions from density functional theory, we calculate the in-plane and 
cross-plane ballistic thermal conductance of 2D materials and stacks. For a given material, we find that 
monolayers and multilayers have similar in-plane ballistic thermal conductance per cross-sectional area 
(Gb) above ~100 K, but monolayers show higher Gb at low temperature due to the contribution of flexural 
phonons. At room temperature (RT), graphene has the highest Gb ~ 4.3 GWK-1m-2, about 17% higher than 
h-BN and five times higher than MoS2 and WS2. Cross-plane Gb values are roughly one order of 
magnitude lower than those for in-plane due to weak van der Waals interactions. Based on the calculated 
Gb, we can obtain the effective phonon mean free path (mfp) of these materials, given the diffusive 
thermal conductivity [1]. For instance, at RT the in-plane phonon mfp of bulk h-BN is ~70 nm while the 
cross-plane mfp is ~3 nm. These results are important because they establish the length scales of the 
ballistic-to-diffusive transition of thermal transport in these materials, and the non-classical regime where 
thermal conductivity depends on the size of the system. 
 
 
 
[1] M.-H. Bae, Z. Li, Z. Aksamija, P.N. Martin, F. Xiong, Z.-Y. Ong, I. Knezevic, E. Pop, Nat. Comm. 4, 
1734 (2013).  
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Call for  

Opinion Papers & Original Research Articles  

to be published in a special issue of  

Nanoscale and Microscale Thermophysical Engineering (NMTE) 
 
 
Introduction 
 
Traditionally, meetings in the US-Japan series have been followed with a workshop report and original 
research articles published in Nanoscale and Microscale Thermophysical Engineering (NMTE).  Usually 
the workshop report summarizes all sessions and is a single long article (typically 25 authors and 25 
pages).   
 
For the 2014 meeting, we are aiming for a more critical perspective on selected topics which are part of 
the US-Japan meeting.  Therefore, after discussions with the Editor-in-Chief of NMTE, Prof. Li Shi, we 
are soliciting both Opinion Papers and Original Research Articles to be published in a special NMTE 
issue to highlight the research topics discussed in the 8th US-Japan joint seminar.      
 
 
  
Scope and Coverage 
 
Opinion Papers or Topical Reviews:  These are forward-looking reviews of timely and important research 
topics.  These reviews often contain some significant aspect of the authors’ own analysis and opinions, so 
that they are essentially opinion papers.  Each article should offer a critical perspective, and should not be 
restricted to purely summarizing some number of conference presentations.  The articles can comment on 
the themes of research and what was presented, but also other related work outside of the conference.   
 
Original Research Papers:  Related to work presented at the US-Japan meeting, or on similar topics, are 
also invited.  
 
 
 
Peer Review 
 
All articles will undergo peer review prior to publication in NMTE.    
 
 
 
Publication Timeline & Rapid Dissemination 
 
October 1 is the targeted submission date for all manuscripts, to enable rapid publication in early 2015. 
 
To promote rapid and broad dissemination, NMTE has implemented an accepted manuscript online (AMO) 
publication model of Taylor & Francis, the publisher of NMTE.  It now takes less than 4 months between 
original manuscript submission and AMO publication for papers that do not require significant changes 
from the authors’ side.  The publisher now offers free open access to noteworthy articles specified by the 
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NMTE Editorial Board, and allows authors to post the authors’ version of the accepted manuscripts on 
other websites as long as the DOI of the accepted paper is included.  In addition, the NMTE Editorial 
Office can help the authors to send a free electronic copy of the published paper to the email addresses of 
up to fifty other researchers identified by the authors.       
 
 
 
 
 
 

 
Examples of Possible Themes 
 
These are just a few ideas, and interested authors are specifically encouraged to propose any topic or set 
of topics they are most interested in.  
 
Conduction 

Modeling advances (1st principles, MD, BTE, ...) 
MFP Spectroscopy: Modeling and Experiments 
1D (CNT, nanowire, ...) 
2D (graphene and beyond) 
Nanobulk  
Polymers / Hybrids 
Interfacial Effects 
Spin & Magnon Effects (beyond electrons & phonons) 
Coherence Effects 
 

Radiation Heat Transfer 
 
Nanofluidics, Nanofluids, Phase Change 
 
Biology and Nanoscale Transport 
 
Reacting Systems.  Fuel cells, etc. 
 
Measurement Advances 

Scanning probe microscopy 
Mean free path spectroscopy 
Calorimetry 

 
Translation of academic advances into practical applications 
 
Technology Drivers 

Energy Conversion (PV, TE, ...) 
Information Technology (HAMR, Transistors, Phase Change Memory, ...) 

 
Historical perspective on the US-Japan seminar series 
 


