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The Eurotherm seminar 103 "Nanoscale and Microscale Heat Transfer IV" is a follow-up of Eurotherm seminars 57, 75 and 91 « Nanoscale and Microscale Heat Transfer » held in Poitiers, Reims and Poitiers (France) in 1998, 2003 and 2011. This seminar aims at presenting the state of the art and the modern trends in nanoscale and microscale heat transfer. It focuses on heat transfer at short length and time scales where the physical laws used in classical heat transfer are not valid anymore. Thermal radiation at subwavelength scales or heat conduction driven by the mesoscopic transport of electrons and phonons are the typical topics tackled by the seminar as well as applications of these concepts to nano-objects.
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Radiative thermal rectification using superconducting materials Analysis of thermal conductance of ballistic point contacts using Boltzmann Transport Equation Focusing of surface phonon-polaritons along conical and wedge polar structures Modeling of heat transfer through gas molecules between a hot SThM probe and a cold sample surface Thermal conductances across silicon sub-mean free path sources measured with a four-probe electrical setup Thermal conductivity restoration by disulfide-based self-healing polymers Optimizing design of a thermal protection structure with PCs meta-material considering micro-scale transfer characteristics Heat transfer through the water meniscus at the tipsample contact investigated with Scanning Thermal Microscopy Thermoelectric coefficients: coupling transport equations and ab initio calculation Thermal and electrical behavior of photon enhanced thermionic conversion Thermal properties of a nanostructured Ge:Mn thin film for thermoelectricity Heat transfer studies nanothermometers
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T. PUURTINEN and I. MAASILTA S. MERABIA, J. LOMBARD, T. BIBEN and A. ALKURDI K. TERMENTZIDIS and D. LACROIX J. AL-OTAIBI and G.P. SRIVASTAVA



Calculation of ballistic and Casimir-limit phonon thermal conduction in thin membranes Interfacial heat transport in liquids and nanobubble dynamics Thermal conductivity of modulated nanowires A comparative study of the anharmonicity of the transverse optical phonons in lead chalcogenides
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Constrictions and wires



Chair: S. Merabia 9h00-9h20 9h20-9h40 9h40-10h00



V. JEAN, K. TERMENTZIDIS, S. FUMERON and D. LACROIX X. ZIANNI J. LARROQUE, J. SAINTMARTIN and P. DOLLFUS



Phonon transport through constrictions in silicon nanowires Heat transfer in modulated nanowires with variable thickness Phonon transport in silicon nanowires using a full-band Monte Carlo approach



Poster session 2 10h20-11h30 T. STOLL, P. MAIOLI, A. CRUT, N. DEL FATTI and F VALLEE



Time-resolved measurements and quantitative analysis of the cooling dynamics of gold and gold-silica nanospheres in liquid environment T.T.T. NGHIEM and P.-O. CHAPUIS Heat transfer through a triangular phononic crystal column G. OKYAY, Y. JOUMANI, C. BERTAIL Morphologies and radiative properties of soot particles and F. ENGUEHARD issued from partial oxidation combustions K. HORNE, M. CHIRTOC, N. HORNY, Thermal properties of chirped superlattice structures T. ANTONI, S. VOLZ and H. BAN through molecular dynamics and photothermal radiometry Y. EZZAHRI and K. JOULAIN Vacuum phonon coupling through Casimir force between two solid dielectric materials G. DEGLIAME, N. TRANNOY, J-P. Submicrometric scale thermometry: coupling of a JOUART, M. DIAF, T. DUVAUT and D. thermal-resistive probe and a photoluminescent CARON microcrystal C. HE, M. DANIEL, M. GROSSMANN, Coherent acoustic phonons in thin films of CoSb3 and O. RISTOW, D. BRICK, M. SCHUBERT, partially filled YbxCo4Sb12 skutterudites M. ALBRECHT and T. DEKORSY E. NEFZAOUI & P.-O. CHAPUIS A comparative study of different numerical approaches to the Boltzmann Transport Equation for phonons Abstracts of the ’’Work-In-Progress’’ poster session are not part of the proceedings. They are provided separately. Session 6



Surface modes



Chair: K. Joulain 11h30-11h50



11h50-12h10



XII



O. LOZAN, M. PERRIN, B. EA-KIM, J.-M. RAMPNOUX, S. DILHAIRE and P. LALANNE S. LANG, M. TSCHIKIN, S-A. BIEHS, P. BEN-ABDALLAH, A. PETROV and M. EICH



Ultrafast plasmon heat subwavelength structures Large penetration metamaterials



depth



transfer



in



around



hyperbolic



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France



12h10-12h30



J. ORDONEZ-MIRANDA, L. TRANCHANT, T. ANTONI and S. VOLZ



Fresnel-like formulas for the reflection and transmission of surface phonon-polaritons at a dielectric interface



Session 7



Experimental heat conduction (2)



Chair: I. Maasilta 14h00-14h20 14h20-14h40



K. KLOPPSTECH, N. KÖNNE and A. KITTEL J. BODZENTA, M. CHIRTOC and J. JUSZCZYK



14h40-15h00



J. JARAMILLO-FERNANDEZ, W. KASSEM, V. REMONDIERE, U. SOUPREMANIEN, E. OLLIER and S. VOLZ



Session 8



Phonon simulations



In-situ calibration of thermal sensors to measure absolute heat fluxes at the nano-scale Quantitative thermal conductivity measurement by scanning thermal microscopy with nanofabricated thermal probes - methodology and modeling Strain based thermal conductivity tuning on nanoscale polycrystalline AlN thin-films



Chair: K. Termentzidis 15h00-15h20



J.-P. CROCOMBETTE



15h20-15h40



H. HAN, Y.A. KOSEVICH and S. VOLZ



Keynote lecture 2



High temperature increase of the thermal conductivity of zirconium carbide explained by atomistic simulations Phonon interference and thermal conductance reduction in atomic-scale metamaterials



Shanhui FAN, Stanford University, USA



Chair: R. Vaillon 16h10-16h50



S. FAN, A. RAMAN, L. ZHU, M. ANOMA and E. REPHAELI



Session 9



Energy conversion



Nanophotonic control of thermal radiation: maximal violation of detailed balance, and experimental demonstration of daytime radiative cooling



Chair: P. Ben Abdallah 16h50-17h10



G. BENENTI and G. CASATI



17h10-17h30



I. LATELLA, A. PÉREZMADRID, L.C. LAPAS and J.M. RUBI R. COUDERC, M. LEMITI and M. AMARA M. SHIMIZU, A. KOHIYAMA, F. IGUCHI and H. YUGAMI



17h30-17h50 17h50-18h10



Increasing thermoelectric efficiency: dynamical models unveil microscopic mechanisms Near-field thermodynamics and nanoscale energy harvesting Detailed analysis of heat generation in silicon solar cells Low concentration solar-thermophotovoltaic system using high-temperature photonics
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Subwavelength radiation (2)



Chair: M. Rubi 9h00-9h20



9h20-9h40 9h40-10h00 10h00-10h20 10h20-10h40



J. MAYO, Y. TSURIMAKI, P.-O. CHAPUIS, J. OKAJIMA, A. KOMIYA, S. MARUYAMA, A. NARAYANASWAMY and R. VAILLON R. INCARDONE, T. EMIG and M. KRÜGER L. TRANCHANT, J. ORDONEZMIRANDA, T. ANTONI and S. VOLZ V. KUBYTSKYI, S.-A. BIEHS and P. BEN-ABDALLAH K. JOULAIN, Y. EZZAHRI and J. DREVILLON



Keynote lecture 3



Thermal radiation between two plates: regime map and analytical expressions for the net radiative heat flux from far to near field Heat transfer between anisotropic nanoparticles: enhancement and switching Far field diffraction of thermal Surface Phonon-Polaritons at the tip of micrometric glass tubes Radiative thermal memory Super Planckian thermal subwavelength disks



emission



of



Bernd GOTSMANN, IBM Research Zürich, Switzerland



Chair: P.-O. Chapuis 11h10-11h50



F. MENGES, P. MENSCH, S. KARG, A. STEMMER, H. RIEL and B. GOTSMANN



Session 11



Phonons and vibrations



Nanoscale thermometry thermal microscopy



using



scanning



Chair: S. Volz 13h20-13h40 13h40-14h00



14h00-14h20 14h20-14h40



14h40-15h00



XIV



N. KÖNNE, K. KLOPPSTECH and A. KITTEL E. CHÁVEZ-ÁNGEL, R.A. ZARATE, D. NAVARRO-URRIOS, J. GOMIS-BRESCO, F. ALZINA and C.M. SOTOMAYOR TORRES S. PAILHES, V.M. GIORDANO, H. EUCHNER, R. DEBORD and M. DE BOISSIEU M. GROSSMANN, M. KLINGELE, P. SCHEEL, O. RISTOW, M. HETTICH, C. HE, R. WAITZ, M. SCHUBERT, A. BRUCHHAUSEN, V. GUSEV, E. SCHEER and T. DEKORSY B. GRACZYKOWSKI, J. GOMISBRESCO, F. ALZINA, J.S. REPARAZ, A. SHCHEPETOV, M. PRUNNILA, J. AHOPELTO and C.M. SOTOMAYOR TORRES



Experimental investigation of single molecule thermal conductance Modification of Akhieser mechanism in Si nanoresonators The low thermal conductivity of clathrates: a phononic filter effect Acoustic frequency combs as a tool for measuring adhesion in a thin two-layer system



Acoustic phonon dispersion in ultra-thin Si membranes under static stress field
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Coupling of heat and spin currents at the nanoscale in cuprates and metallic multilayers David G. CAHILL*, Gregory T. HOHENSEE, and Gyung-Min CHOI Department of Materials Science and Engineering and Materials Research Laboratory, University of Illinois, Urbana, Illinois 61801 *corresponding author: [email protected] Keywords: thermal conductivity, magnons, ultrafast heat transfer, spin current, spin Seebeck



A. Thermal transport by magnons and magnon-phonon coupling in cuprates. Heat conduction in materials is typically mediated by thermal excitations of atomic vibrations (i.e., phonons) or thermal excitations of the electronic degrees of freedom (i.e., electrons and holes in metals and heavily doped semiconductors). However, any thermal excitation of the solid can, in principle, contribute significantly to the thermal conductivity if the heat capacity of the excitations is significant, the excitations have a large dispersion so that the group velocity is large, and the lifetime of the excitation is not too short. These conditions are met by the spin degrees of freedom in lowdimensional quantum magnets based on copper oxides (Sr14Cu24O41, La2CuO4, CaCu2O3). These materials have a seemingly unique large magnon thermal conductivity: near room temperature, the magnon thermal conductivities are comparable to the electronic thermal conductivities of metal alloys. A fundamental question then arises: what limits the magnon lifetimes and therefore limits the magnon thermal conductivity? We are studying the exchange of thermal energy between the magnon and phonon systems as a first step toward answering that question. We use time-domain thermoreflectance (TDTR) to measure the thermal conductivity of cuprate single crystals as a function of the frequency of thermal fields. In a time-domain thermoreflectance measurement, a laser oscillator, typically a Ti :sapphire laser operating at a 80 MHz repetition rate, is used as a pulsed source of light. The output is split into a pump and probe beam. The pump beam is modulated at a high frequency (between 1 and 20 MHz). The time of arrival of the pump and probe beams at the sample surface is adjusted by a mechanical delay line with picosecond precision. The time dependence of the temperature excursions induced by the pump provide useful information about heat capacity of thin metal films and thermal conductance of interfaces; most of the sensitivity to the thermal conductivity of the sample, however, comes from the out-of-phase response at the modulation frequency of the pump beam [1]. Approximately 10 years ago, we introduced an exact analytical solution of the diffusion equation (the analytical solution must be evaluated numerically) for an arbitrary multilayer sample in a TDTR experiment [2]. Anisotropy of high symmetry (a thermal conductivity tensor with only in-plane and through plane values) is easily incorporated. These solutions have been recently extended to the situation where the pump and probe beams are displaced with respect to each other [3]. Phenomenological two-temperature models have been used for many years to describe the coupled transport of heat by electrons and phonons in metals. Here, we apply this concept to the coupled transport of heat by magnons and phonons in the spin ladder compound Ca9La5Cu24O41. In this type of two-temperature modeling, the magnons and phonons separately satisfy a diffusion equation while the two diffusion equations are coupled to each other through a coupling parameter that has units of a thermal conductance per unit volume. Microscopically, the problem is, of course, much more Keynote lecture 1
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complicated than this single parameter can capture. The single-parameter model will work best if the magnon occupation numbers can be approximated by a single magnon temperature and the phonon occupation by a single phonon temperature. We recently described how our conventional solution for the heat diffusion equation in the TDTR geometry can be extended to multiple channels [4]. Because phonons can carry heat across the Al/sample interface but magnons cannot (there are no



Figure 1 : Model calculation of the amplitudes of the magnon and phonon temperature oscillations near the surface of a Al/spin-ladder sample during a time-domain thermoreflectance measurement with a pump modulation frequency of 10 MHz. Near room temperature, 300 K, the region of non-equilibrium is much thinner than the thermal penetration depth. At low temperatures, 120 K, the non-equilibrium region starts to overlap with the thermal penetration depth.



magnon excitations in the Al film transducer), the Al/sample interface creates a strong nonequilibrium between the magnon and phonon temperatures [5]. This region of non-equilibrium extends over a distance of nanoscale dimensions, approximately 50 nm at room temperature and 200 nm at 120 K, see Fig. 1. At low temperatures and high modulation frequencies, the region of nonequilibrium approaches the thermal penetration depth in the experiment and, as a consequence, the apparent thermal conductivity is strongly suppressed. We use comparisons between measured apparent thermal conductivity at different modulation frequencies and the predictions of the 2-channel model [4] to determine the magnon-phonon coupling parameter g from 80 to 300 K. Near the peak in the magnon thermal conductivity, g ≈1015 W m-3 K-1, approximately two orders of magnitude smaller than a typical electron-phonon coupling parameter in a metal [5].



B. Generation of spin currents by heat currents in metallic multilayers Cross terms of the electrical and thermal transport coefficients, i.e., the Seebeck and Peltier coefficients, have been a topic of sustained study for many decades because of their applications in sensing, solid-state cooling, and energy harvesting. There are also cross-terms that involve spin and charge currents, and cross terms for spin and heat currents. The cross-terms of spin and charge are a key topic of study in the field of spintronics. The cross-terms of spin and heat are a core consideration of an emerging discipline, often referred to as spin caloritronics. One of the most challenging problems in the field of spin caloritronics is the detection of the spin density or spin current in a sample: the experimentalist does not have the meter for spin that is analogous to of a thermometer or a voltmeter. Often, measurements are based on the so-called inverse spin Hall effect (ISHE) where a spin current entering a normal (nonferromagnetic) metal with strong 4
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spin-orbit coupling generates an electric field that can be measured as a transverse voltage. The voltages generated by the ISHE effect are extremely small and, controversially, a susceptibile to systematic errors generated by conventional magneto-thermoelectric effects driven by heat currents flowing through the electrical contact leads. We have taken an alternative approach for detecting spin that also provides high time resolution: we detect the spin density in a normal metal using the magneto-optic Kerr effect (MOKE). By performing MOKE measurements with a pump probe apparatus, we can generate enormous heat currents (surpassing 100 GW m-2 K-1) on picosecond timescales and simultaneously detect spin accumulation with picosecond time resolution [6]. We are working to better constrain the calibration of the Kerr rotation as a function of spin accumulation in Cu and Au. This is a challenging process because we do not have a calibrated source of spin. Our initial experiments and analysis suggest that the Kerr rotation is determined by the strength of the spin-orbit coupling in the conduction band and is approximately 5 times stronger in Au than in Cu. We study two types of samples that are shown schematically as Fig. 2. In the first type of sample, the spin accumulation in the normal metal is detected by time-resolved MOKE (TR-MOKE). In the second type of sample, the transfer of spin angular momentum (the so-called spin transfer torque) is detected by the amplitude of the magnetic precession that is induced into a very thin (2 nm thick) inplane magnet made of CoFeB [6].



B=0.05 T



Figure 2: Schematic diagrams of the two types of samples used in the studies of thermally-driven spin currents. The numbers in the sample descriptions are thicknesses in nm. The pump beam is incident on the left and heat flows from left-to-right. (Top) Sample design for spin accumulation. The spin density in the thick Cu layer is detected by the magneto-optic Kerr effect (MOKE). (Bottom) Sample design for spin-transfer torque. The spin transfer torque is measured through the amplitude of the magnetization precession of the CoFeB ferromagnetic layer, also detected optically via MOKE.



We are working to constrain the many parameters in the models of heat transport, spin generation and spin diffusion that we use to analyze the experiments. In the initial experiments, we have found that the spin currents are predominately generated by the fast thermal demagnetization of the (Co,Pt) ferromagnetic layer. Essentially, raising the temperature decreases the equilibrium magnetization and the non-equilibrium between electrons and magnons transfer a fraction of the spin angular momentum to the conduction electrons which then diffuse into the adjacent layers. A smaller amount of spin current is generated by the spin-dependent Seebeck effect (SDSE) of the ferromagnetic layer. The SDSE is due to the fact that the product of the Seebeck coefficients and conductivities of the up and Keynote lecture 1
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down spin sub-bands are not equal; therefore, a heat current passing through a ferromagnet produces a spin accumulation near the surfaces or interfaces of the ferromagnetic layer that can diffuse into adjacent layers [6]. We argue that the experimental design illustrated by Fig. 2 will provide a rich platform for studies of the coupling of heat and spin in metallic multilayers. With some advances, we will soon have calibrated sources of spin and calibrated detectors of spin, both with picosecond time resolution. This platform can be used to quantitatively study thermal generation of spin currents by the spin-dependent Seebeck effect and ultrafast demagnetization, as well as transport physics of spin such as the transport and mixing of spin at interfaces.



References [1] D. G. Cahill et al., “Nanoscale Thermal Transport II: 2003-2012,” Appl. Phys. Rev. 1, 011305, 2014. [2] D. G. Cahill, “Analysis of heat flow in layered structures for time-domain thermoreflectance,” Rev. Sci. Instrum. 75, 5119, 2004. [3] J. P. Feser and David G. Cahill, “Probing anisotropic heat transport using time-domain thermoreflectance with offset laser spots,” Rev. Sci. Instrum. 83, 104901, 2012. [4] R. B. Wilson, J. P. Feser, G. T. Hohensee, D. G. Cahill, “Analysis of two-channel heat flow in pump-probe studies of non-equilibrium thermal transport,” Phys. Rev. B 88, 144305, 2013. [5] G. T. Hohensee, R. B. Wilson, J. P. Feser, and D. G. Cahill, “Magnon-phonon coupling in Ca9La5Cu24O41 spin ladders measured by time-domain thermoreflectance,” Phys. Rev. B 89, 024422, 2014. [6] Gyung-Min Choi, Byoung-Chul Min, Kyung-Jin Lee, and David G. Cahill, “Spin current generated by thermally-driven ultrafast demagnetization,” Nature Communications 5, 4334, 2014.
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Nanophotonic control of thermal radiation: maximal violation of detailed balance, and experimental demonstration of daytime radiative cooling Shanhui FANa*, Aaswath RAMANa, Linxiao ZHUa, Marc ANOMAa and Eden REPHAELIa a
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The use of nanophotonic structure opens significant new possibilities to control thermal radiation, both in enabling new thermal physics effects, and in creating new application opportunities. In this talk, we will review some of our recent efforts in nanophotonics-enabled thermal radiation control. In particular, we will discuss the possibility of using non-reciprocal nanophotonic structures to maximally violate detailed balance. We will also report some of our recent experimental efforts in the successful demonstration of passive radiative cooling under direct sunlight.



1. Maximal violation of detailed balance in non-reciprocal nanophotonic structures For thermal radiation, the principle of detailed balance leads to the general form of the Kirchhoff's law which states that e(ω ,θ , φ ) = α (ω ,θ , φ )



(1)



where e(ω ,θ ,φ ) is the directional spectral emissivity, α (ω, θ , φ ) is the directional spectral absorptivity, Microscopically, Eq. 1 can be proven using the fluctuation-dissipation theorem, but only for emitters consisting of materials satisfying Lorentz reciprocity [1]. It has been noted theoretically that nonreciprocal materials, such as magneto-optical materials, may not obey detailed balance [2] and hence may not satisfy Eq. 1, without violating the second law of thermodynamics. However, there has not been any direct experimental measurement or theoretical design of actual physical structures that violate detailed balance. In recent years, significant recent efforts have been devoted to the use of engineered photonic structures, including photonic crystals, optical antennas, and meta-materials, for the control of thermal radiation properties. Photonic structures can exhibit thermal radiation properties that are significantly different from naturally occurring materials. Notable examples include the creation of thermal emitters with narrow spectrum or enhanced coherence. All previous works on the thermal radiation properties of photonic structures, however, consider only reciprocal materials. Here, using the formalism of fluctuational electrodynamics, we present a direct numerical calculation of thermal emission from non-reciprocal photonic structures, and introduce the theoretical conditions for such structures to maximally violate detailed balance, i.e. to achieve a unity difference between directional spectral emissivity and absorptivity [3]. Non-reciprocal photonic structures represent an important emerging direction for the control of thermal radiation. From a fundamental point of view, significant numbers of theoretical approaches for the calculations of far-field thermal radiation use the Kirchhoff's law of Eq. 1 by computing the Keynote lecture 2
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absorption properties. Such an approach is no longer applicable for non-reciprocal thermal emitters, and direct calculations using the formalism of fluctuational electrodynamics become essential. From a practical point of view, creating non-reciprocal thermal emitters can have important implications for the enhancement of the efficiency for solar cells [4] and thermophotovoltaic systems.



2. Experimental demonstration of daytime radiative cooling Cooling is a significant end-use of energy globally and a major driver of peak electricity demand. Air conditioning of buildings, for example, accounts for 15% of the primary energy used to generate electricity in the United States. A passive cooling strategy that cools without any electricity input could therefore have a significant impact on global energy consumption. To achieve cooling one needs to be able to reach and maintain a temperature below the ambient air. At night, passive cooling below ambient air temperature has been demonstrated using a technique known as radiative cooling, where one uses a device exposed to the sky to radiatively emit heat to outer space through a transparency window in the atmosphere between 8-13 µm [5][6]. Peak cooling demand however occurs during the daytime. Daytime radiative cooling below ambient under direct sunlight [7][8] was never achieved, because sky access during the day results in heating of the radiative cooler by the sun. Here, using a thermal nanophotonic approach [9], we introduce an integrated nanophotonic solar reflector and thermal emitter that reflects 97% of incident sunlight while emitting strongly and selectively in the atmospheric transparency window. When exposed to direct solar irradiance of greater than 850 W/m2 on a rooftop, the nanophotonic radiative cooler achieves 4.9oC below ambient air temperature, and has a cooling power of 40.1 W/m2 at ambient. These results demonstrate that a tailored, nanophotonic approach can fundamentally enable new technological possibilities for energy efficiency, and further indicate that the cold darkness of the universe can be used as a renewable thermodynamic resource, even during the hottest hours of the day.



References [1] M. Kruger, G. Bimonte, T. Emig and M. Kardar, “Trace formulae for non-equilibrium Casimir interactions, heat radiation and heat transfer for arbitrary objects”, Physical Review B 86, 115423, 2012. [2] W. C. Snyder, Z. Wan, X. Li, “Thermodynamic constraints on reflectance reciprocity and Kirchhoff’s law”, Applied Optics 37, 3464, 1995. [3] L. Zhu and S. Fan, “Near-complete violation of detailed balance in thermal radiation”, (submitted, 2014). [4] M. A. Green, “Time-Asymmetric Photovoltaics”, Nano Letters, 12, 5985, 2012. [5] C.G. Granqvist, A. Hjortsberg, “Radiative cooling to low temperatures: General considerations and application to selectively emitting SiO films”, Journal of Applied Physics, 52, 4205, 1981. [6] A.R. Gentle, G.B. Smith, “Radiative Heat Pumping from the Earth Using Surface Phonon Resonant Nanoparticles”, Nano Letters, 10, 373, 2010. [7] S. Catalanotti, V. Cuomo, G. Piro, D. Ruggi, V. Silvestrini, G. Troise, “The radiative cooling of selective surfaces”, Solar Energy, 17, 83, 1975. [8] E. Rephaeli, A. Raman, and S. Fan, “Ultrabroadband photonic structures to achieve high-performance daytime radiative cooling”, Nano Letters, 13, 1457, 2013. [9] A. P. Raman, M. A. Anoma, L. Zhu, E. Rephaeli, and S. Fan, “Passive radiative cooling below ambient air temperature under direct sunlight”, (submitted, under external review, 2014).
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Regions of increased heat generation, so-called hot spots, deteriorate the performance and reliability of nanoelectronic devices [1], while experimental characterization is restricted by limited spatial resolution in thermometry. Since local self-heating is of increasing importance for future devices, where scaling, integration of novel materials and structures tend to impede heat conduction, new methods and instrumentations are needed to study the coupling between thermal, electrical and structural properties at the level of individual operating devices.



Figure 1: Scanning thermal microscopy for thermometry of nanoscale temperature distribution. a) Schematic of the experiment including cantilevered SThM tip with integrated heater/sensor and active nanowire (NW) device (InAs NW with Au contacts). b) Temperature distribution along the NW extracted from SThM data. c) Reference measurement of the position dependent thermal resistance of the tip-sample contact Rts using an idle sample at RT. d) Repeated measurement with self-heated NW showing an apparent increase of Rts locally along the NW. e) Extracted temperature distribution map.



With decreasing size of microelectronic devices, the thermal hot spots can reach dimensions below 10 nm. On this length scales thermometry is not yet very advanced. Scanning Thermal Microscopy (SThM) [2] appears to be an ideal method to address the challenge. By moving a sharp tip attached to
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a heater/sensor in contact with a device of interest, thermal signals relating to thermal conductance and temperature distribution within a sample can be inferred. Despite recent progress using the method [3-6], however, it remains a challenge to extract quantitative data from measured SThM images on the nanoscale. One of the reasons for this is the fact that a large thermal resistance separates the sample region to be measured from the integrated heater/sensor. Sensor and sample do therefore not equilibrate. This poses several calibration challenges and systematic errors to the SThM method. In this presentation the most important systematic errors of the method are discussed and the efforts to eliminate them will be described. Application examples and measurements on nanoscale test structures will be shown. The large thermal resistance between the SThM sensor tip and the sample is expected to increase strongly when scaling down to the nanoscale due to surface-to-volume scaling. Consider, for example, the case of an anticipated lateral resolution of 10 nm at an accuracy of ∆Tsample = 1 K. The thermal resistance of the contact between the contacting tip and the sample can then be dominated by the interface thermal resistance and fall in the range of Rts = 107 – 109 K/W leading to a heat flux down to 1 nW. In contrast, the electrical leads leading to the temperature sensor within the cantilevered SThM tip have a thermal resistance Rsensor of typically 2 to 4 orders of magnitude smaller, leading to temperature rises in the sensor of ∆Tsensor < 1 mK. Furthermore, Rint varies strongly as a function of tip position while scanning the sample surface, i.e. Rts = Rts (x,y). Reasons for this are topography artifacts caused by a varying contact diameter between the tip and the sample surface, the variation of the local sample thermal conductivity, and the load force between tip and sample [7]. For the quantitative interpretation of the data therefore Rts(x,y), ∆Tsensor(x,y) and Rsensor have to be determined experimentally. A two-pass method [5] serves to quantify these signals: The thermal resistance of the tip-sample contact Rts (consisting mainly of Rint, and the spreading resistances in tip and sample) are determined from the heat flux from the sensor into the sample Qts and the temperature difference between the sensor temperature Tsensor and room temperature RT: = − / (1) For a sample at temperature RT+∆Tsample we therefore have: ′ = − +∆ / (2) The measurement process is illustrated in Fig. 1. First, we measure Rts for each image pixel using an unheated sample (Rts(x,y)) from the measured tip-sample heat flux using Eq. (1), as shown in Fig. 1c. Next, the measurement is repeated on the self-heated sample to determine a modified heat flux Qts’ from which the sample temperature ∆T can be determined using Eq. (2). Self heating effects can be directly seen plotting the apparent thermal resistance = − / , see Fig. 1d. The resulting ∆T is plotted in Fig. 1b and e. Recently, the proposed method was developed further to reach a resolution of ∆Tsample in the mK-range at a lateral resolution of below 10 nm [8]. The talk will describe examples of isolated hot-spots in nanowire devices (Figure 2) and metal interconnect structures. Furthermore, effects of Peltier and Joule heating will be discussed.
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Figure 2: Hot spots in self-heated single vanadium oxide nanowire as measured using SThM. The image shows a topography image of a vanadium oxide nanowire contacted using gold electrodes and supported by a silicon nitride substrate. The image size is 2.5 x 0.8 µm2 and the height of the electrodes is 40 nm. The color scale denotes the thermal signal overlayed onto the topography. A local hotspot at the center of the wire is caused by local defects, two more hot spots can be observed at the contacts to the metal electrodes.



. The experimental results shown in the talk were obtained with generous support from Heinz Schmid, Pratyush Das Kanungo, Ute Drechsler, Emanuel Loertscher, Mark Lantz, Kirsten Moselund, Christos Dimitrakopoulos and Meinrad Tschudy. This work was supported in part by the Swiss National Science Foundation (Project No. 134777) and the European Union FP7 Project Nanoheat under Grant Agreement No. 318625.
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Due to the unique thermal transport properties, heterostructure superlattices (SLs) have been widely studied [1-6]. It has been shown that, for a crystalline superlattice (SL), the cross-plane thermal conductivity can be one order of magnitude smaller than the one of bulk materials with a single component, and in some cases, even smaller than the value of a random alloy with the same elements due to the numerous interface scatterings. On the other hand, geometric SLs composed by the same component have rarely been studied [7]. Nevertheless, this kind of SLs has also vital importance as they involve nontrivial consequences on the electronic and phonon properties of the materials. Twinning, also known as the planar stacking fault, is one of the most important defects in materials science and it is most often related to mechanical properties [8,9]. The impact of twinning on mechanical [8,9], electronic [10,11], as well as on optical properties [11] has been widely studied while this impact remains unexplored concerning thermal properties. In this work, we perform nonequilibrium molecular dynamics (NEMD) simulations to calculate the thermal conductivity of the Si NWs with twinning SLs. We show that the thermal conductivity of the twinning SL NWs can be remarkably reduced up to 65% at room temperature compared to their pristine counterpart. A minimum thermal conductivity due to a geometric effect is found with a specific SL period. Fig. 1 shows the structure of the twinning SL with the diameter D and period Lp. For a close-packing structure, there are usually three types of stacking sites with exactly the same configuration but having a shift one from another in a specific direction. The three stacking sites are usually labelled as A, B, and C. The B and C sites can be obtained from the A site with a shift of (1+3n)bv and (2+3n)bv, respectively, where bv is the minimum shift length and n is an integer. For Si having a FCC diamond lattice, bv =2.217 Å. The wire firstly grows according to a FCC structure, i.e., following a stacking in the ABCABC sequence with the same shift given by the vector bv between the neighboring layers. After several ABC periods, a stacking fault is introduced, instead of stacking a A layer, a B layer is directly introduced after the C layer with a shift of bv in the opposite direction. After the stacking fault, the stacking sequence changes to CBACBA, which is purely symmetrical to the previous stacking. As a result, a kink is formed with the angle θ= 109.4°.
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Figure 1: Schematic of a twinning superlattice structure with period length Lp .



All the thermal conductivities are carried out with NEMD simulations using the LAMMPS software so [12]. The commonly adopted Stillinger-Weber Stillinger Weber potential [13,14] is used to describe the interactions between atoms. With the help of the Nosé-Hoover Nosé Hoover thermostat [15,16], several layers of atoms at the two ends of wire were coupled to a hot and a cold baths baths having temperatures T0+∆/2 and T0-∆/2, respectively. 5 ns runs were performed to reach non-equilibrium non equilibrium steady state, and another 5 ns to timeaverage the local temperature T and the microscopic heat flux j along the z direction. All the NWs thermal conductivities were measured with w the same kink leg length of 34.5 nm.



Figure 2: Thermal conductivity variation with period length for different diameters at 300 K.



Fig. 2 represents the thermal conductivities of the Si twinning SL NWs as a function of period Lp and specified diameter D at 300 K. The thermal conductivities of pristine NWs with 2, 6, and 10 nm in diameter are 18.4±0.15, 21±0.1, and 24.5±0.11 W/mK. As it is shown in Fig. 2, the thermal conductivities of the NWs with twinning SL are largely decreased compared to the one of the pristine NW. When the diameter remains invariant, the increase in SL period leads the thermal conductivity to decrease first, reaching a minimum value, and then progressively to an increase. The minimum 16
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thermal conductivity observed here seems similar to that observed in the hetereostructure SLs [1-4]. However, the mechanism taking place in the twinning SL NWs completely differs from the one observed in heterostructure SL. In this latter situation, the minimum thermal conductivity is attributed to the interplay between the phonon coherence and the interface scattering. For the twinning SL NWs, thermal conductivity change is fully ascribed to the twinning induced zigzag geometric effect. This can be confirmed from the diameter dependent SL periods corresponding to the minimum thermal conductivities. The period length of minimal thermal conductivity increases with the diameter. It has been experimentally demonstrated that the twinning boundary has almost no effect on the electrical conductivity in both bulk [17] and nanowire [18] cases. As a result, the thermoelectric figure of merit of Si can be notably enhanced with the twinning SL NWs thanks to the significant thermal conductivity decrease. To explain the large thermal conductivity decrease as well as the minimal thermal conductivities, we checked the normal mode polarization vectors [19]. We found that at the period with minimum thermal conductivity, the polarization vectors are randomly distributed on an arc, showing no favored polarization direction. Consequently, the decrease of thermal conductivity originates from the loss of preferential atom polarization orientation and the minimal thermal conductivity arises due to the disappearance of favored atom polarization directions.
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Approach-to-equilibrium molecular dynamics: thermal properties from temperature transient Evelyne LAMPIN*, Pier Luca PALLA, Pierre-Arnaud FRANCIOSO and Fabrizio CLERI IEMN, UMR CNRS 8520 and Université de Lille I, F-59652, Villeneuve d’Ascq, France *corresponding author: [email protected] Keywords: computational physics, heat transport.



Molecular dynamics (MD) is a statistical mechanics computational approach that provides the opportunity to access basics phenomena involved in the heat transfer at the nanoscale. MD is generally used either to extract bulk conductivities from the heat current fluctuations during a NVE simulation (Green-Kubo or EMD approach [1]), or bulk conductivities and interface resistances from the temperature profile once the stationary regime between a hot and a cold reservoir is reached (direct method or NEMD [2]). We have developed an alternative framework of MD simulations for the study of thermal conductivities and interface resistances. The method, called approach-to-equilibrium MD (AEMD), relies on i) the creation of a transient heat current and the extraction of the transient decay time and ii) an original exploitation of the decay time to obtain bulk conductivities and/or interface resistances in a range of configuration from bulks to interfaces, nanostructures and constrictions, therefore extending the use of transients to the determination of thermal properties. AEMD starts with the equilibration of the system in NVT under two temperature constraints to obtain a box like temperature profile (Fig. 1).



Figure 1: Temperature profiles at the initial state (red) and during approach-to-equilibrium (green and blue).



The system is afterwards let free to approach equilibrium during a transient of typically a few hundreds of picoseconds. The temperature decay during the transient is monitored, it is exponential (Fig. 2), while the temperature profile (Fig. 1) is sinusoidal. These forms are also the solutions of the 1D heat equation solution [3] although a length dependent conductivity has to be introduced.
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Figure 2: Temperature difference between initial blocks as a function of time.



The length dependent thermal conductivity is given in Fig. 3 for a range of good to poor conductors is given in Fig. 3. Although systems with size over the micrometers were studied thanks to the efficiency of the method, the convergence is not reached for silicon. A Matthiessen rule is used to extrapolate to infinite length.



Figure 3: Bulk conductivities as a function of length[3].



The method has also been applied to interfaces such as crystalline silicon (cSi) / amorphous silica (aSiO2), a more challenging system because of the contrast between bulk conductivities. The total resistance is given in Fig. 4. Several calculations are combined to extract the interface resistance from the intercept at origin of the linear evolution at larger aSiO2 thickness. The interface resistance is low but for advanced technologies using an ultra-thin buried oxide (20nm), it will contribute significantly to the total resistance on the heat path from active layer to back-side [4].
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Figure 4: Total resistance of a cSi/aSiO2 system. The crystalline thickness is fixed at 152 nm, the amorphous thickness is varied in x axis.
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Introduction Pathbreaking theoretical and experimental advances in one-dimensional nonlinear lattices [1] and asymmetrically mass-loaded nanotubes [2] have led to a surge in interest in thermal rectification in the last decade [3]. Thermal rectification, in which the heat current flowing through a system under the same thermal bias is different in forward and backward directions, opens up new possibilities for controlling heat transport in materials and enables a critical first step toward phononic circuits for information processing [4]. (a) A related but less-studied problem than thermal rectification is one-way phonon isolation, which is concerned with the forward and backward transport (b) of individual phonons as opposed to the entire phonon spectrum. In one-way phonon isolation, an individual phonon mode incident on a system from Figure 1: Principle of one-way phonon isolation. one direction is transmitted while the same phonon (a) Phonon mode incident on waveguide from incident on the system from the opposite direction is right is transmitted; (b) phonon mode incident blocked. In the example given in Fig. 1, components from left is blocked to the right of the waveguide are isolated from the rightward traveling mode, enabling one-way transport of the mode in the leftward direction only. Such isolation would be of interest for the interconnects in MEMS acoustic wave signal processing devices, in which the waveguide in Fig. 1 represents the transmission line used to guide waves between transmitter and receiver modules [5]. Additionally, it may be useful in low temperature heat transfer applications, where the phonon energy density is close to Planckian with a well defined peak that could potentially be targeted to control a significant portion of the heat flow. Previous studies have demonstrated acoustic rectification in systems with nonlinearity and structural asymmetry [6-7]. An analogous isolation mechanism employing a combination of nonlinearity and structural asymmetry has also been achieved in optical systems [8-9]. The low efficiency of frequency conversion in the above acoustic systems leads to low transmission properties, pointing to the need for different approaches to isolation. Here we pursue a conceptually different approach for efficient phonon isolation that works for linear, structurally symmetric systems [10]. The main idea of the approach is to use spatio-temporal modulations of waveguide properties to break the symmetry of wave propagation in forward and backward directions. This approach was first proposed by Yu and Session 1 – Atomic simulations
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Approach To do this, we study shear horizontal wave propagation in a two dimensional plate acoustic waveguide with free boundaries. The governing equation for the SH waves is [13]



ρ



∂2 u ∂2 u ∂2 u , = c + c 44 44 ∂t 2 ∂x2 ∂y2



(1)



where ρ is density, c44 is a component of the elastic stiffness stiffness tensor for a cubic crystal, and u is out-ofplane displacement. To achieve symmetry breaking, the density in the lower half of the waveguide is modulated using a simple harmonic form:



ρ = ρo + δ ρ cos(Ωt − Kx) .



(1)



Here Ω is the frequency at which the density within the domain domain is modulated and K is the modulation wavenumber describing the spatial density variation along the wave propagation direction.



Results Numerical simulations using the finite element method indicate that one-way one way phonon transport is achieved via spatio-temporal temporal modulation of density [10]. Figure 2(a) shows the out-of-plane out material displacements generated by a lowest order symmetric shear horizontal mode (“mode 1”) incident on the modulation domain from the right; Fig. 2(b) shows the corresponding displacements displacements for mode 1 incident from the left. In Fig. 2(a), complete conversion of the incident mode to the lowest order antisymmetric mode (“mode 2”) occurs within the domain. Mode 1 cannot transmit through the domain and thus complete isolation of this mode mode occurs. In the bottom figure, mode 1 transmits (a) (b)



Figure 2: Modal displacements cements for (a) mode 1 incident from the left, and (b) mode 1 incident from the right. In (a), mode 1 (blue) is not transmitted through the waveguide; it instead converts to mode 2 (red). unimpeded through the domain.



Discussion Inspired by the work of Yu and Fan in optical waveguides [11-12], [11 12], we have applied spatio-temporal spatio modulation to an acoustic waveguide to break time and spatial inversion inversion symmetry [10]. Using numerical simulations, we demonstrated that this approach led to one-way one way transport via conversion of the rightward traveling lowest order symmetric mode (mode 1) to the lowest order antisymmetric mode (mode 2). In essence, the modulation mod triggers an inter-band band transition between the two modes. It is important to note that mode 2 still carries energy through the waveguide; to block all energy transport the above isolator could be combined with a filter centered at the mode 2 frequency frequen 22
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ω2=ω1+Ω. While only the shear horizontal modes have been treated in this work, the approach is general and can be applied to other waveguide vibrational modes.
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It is commonly admitted since the pioneer work of Fourier that the heat conduction in a bulk solid is governed by a normal diffusion process.



Figure 1: Two different transport regimes. (left) Classical diffusion of a ink drop in water. The ink particles follow a random diffusion process governed by a Gaussian probability distribution function of step length. (right) Anomalous (superdiffusive) spreading of a flu pendemic . Each contaminated personn can travel using different types (walk, car, train, plane) of transport with different transport length. The pdf of step length is algebraic.



Microscopically speaking heat carriers (phonons or electrons) move through the atomic lattice of materials following a random walk [1] with a step length probability density which is a Gaussian and the heat spatial spreading is limited both by the speed of heat carriers and by the distance covered by them between two successive collision events. Numerous transport mechanisms, such as the pollution dispersion (see Fig. 1-left), obey to diffusive processes. Nevertheless, many transport mechanisms are Session 2 – Subwavelength radiation (1)
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governed by long range interactions such as those that exist in generalized random walks (GRW), processes where the step length probability is broadband. Lévy flights [2,3] are probably the most famous class of GRW (see Fig. 1-right) in which extremely long jumps can occur as well as very short ones. In the present work it is shown (Fig. 2) that, if such media contain plasmonic structures networks such as polar-nanoparticle networks, heat can be transported by collective interactions mechanims of nonradiative photons (near-field transport) though these networks. We consider a distribution of N particles at temperature Ti separated by distances which are assumed to be small compared with the thermal wavelengths λi =ch/(2πkBTi). Then, this network can be modeled by a set of pointlike dipoles in mutual interaction. Given an initial temperature distribution, the time evolution of this field is governed (at least at the beginning of relaxtion process) by the following balance energy equation (1)



where ρi, Ci and Vi denote the density, the heat capacity and the volume of the ith particle while G is the radiative thermal conductance between two point which can be calculated using the many-body radiative heat transfer theory [4-6]. This equation is a discrete form of the Chapman-Kolmogorov master equation (2) which formally describes a system which is driven by a Markov process (here d is the space dimension).



(a)



(b)



Figure 2: Thermal conductance at T=300 K between two particles in (a) a linear chain of spherical SiC nanoparticles of radius R=100 nm for different separation distances h inside a (b) in a ramdom distribution of SiC particles (R=100 nm). The statistical averaging is performed with m = 250 realizations generated with a uniform random distribution probability. Particles are immerged in vacuum.



The temperature distribution T(r,t) evolves in the same way as a generalized random walk, where jumps between positions r and r’ occur with a probability distribution function of step length 26
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proportional to p(r,r’)=(1/C∆V) τ(r)G(r-r’) at a rate τ-1(r)= (1/C∆V) ∫dr’G(r-r’). Thus, to analyze the transport of heat throughout the network, we just have to investigate the probability distribution of step lengths x that is to say the spatial evolution of the thermal conductance. These evolutions are plotted in Fig. 2 both for 1D and 3D systems. In linear and ordered chains of particles (d=1) we see (Fig. 2-a), at long separation distances, that the thermal conductance decays algebraically with the separation distance following a power law scaling in G ~(∆x)-2 demonstrating so that the moments of the pdf p(x) of higher order than two are divergent. This proves the superdiffusive behavior of these chains for the transport of heat by near-field interaction. More generally a detailed analysis of heat transport (Fig. 2-b) shows that the transport of heat still is superdiffusive [6] in random networks of nanoparticles. The ability to design nanocomposite materials able to transport heat faster than with phonons in solids opens new practical perspectives. In particular, it could find broad applications in the domain of ultrafast thermal management.
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Abstract Near-field thermal radiation with its many potential applications in different fields such as energy harvesting to nano-scale manufacturing is proved to be crucial in the development of new devices. Modeling near-field thermophotovoltaics via computational techniques has been one of the main focuses of our research group. In the present study, we show that near-field thermal emission between two parallel SiC thin films separated by a nano-gap can be modeled via Finite Difference Time Domain Method (FDTD) when arbitrary-size nanoparticles are present on the surfaces of the emitting film. We compare different nano-particle shapes and discuss the configurations which have the highest impact on the enhancement of near-field thermal emission. Convolutional Perfectly Matched Layer (CPML) is used as it was determined to be the optimum boundary condition that gives the most accurate results compared against the other methodologies for similar configurations. We also discuss possible future extensions of this work.



1. Introduction TPV power generation has significant potential for applications in industrial energy conversion technologies and in principle is similar to solar photovoltaic energy conversion. In [1] we have presented the results obtained for the near-field thermal emission calculations via FDTD method for perfectly flat, parallel, thin SiC films supporting surface phonon polaritons and separated by a nanogap. We showed a good agreement with analytical results presented in [2]. FDTD method is a computational approach with which modeling wave propagation in complex media, such as time-varying, anisotropic, lossy, dispersive and non-linear media is possible. Having computational techniques such as FDTD method when working with arbitrary sub-wavelength structures is very helpful as analytical solutions may not be easily found for such geometries due to geometry asperity. We present here the results based on calculations of near-field thermal emission at nano-gaps formed between two thin films made of SiC, with the presence of structured arbitrary-shaped, nano-particles (gratings) on the surface of the emitting film. The additional results are currently obtained to show the potential of the analysis to real-time applications. The extension of this idea is indeed applicable to nano-scale detection and nano-manufacturing principles [3-7].



2. Methodology The near-field thermal emission is studied through finite difference time domain method between two thin SiC films by calculations of local density of electromagnetic state (LDOS), where one film has a 28
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temperature of 300 K (emitting layer) and a thickness of 100 nm and nano-structured gratings of arbitrary (e.g. ellipses, triangles, squares, etc.) are placed upon it and have perfect contact with the layer. The other film is kept at 0 K (non-emitting layer) and has a thickness of 10 nm and is separated by a vacuum gap of 100 nm from the emitting layer. We have studied the effect of each of these nanostructured gratings on enhancement of LDOS profile (LDOS is calculated at ∆ = 50 nm above the emitting layer) and evaluated the impact of the following factors on the results: I-the periodicity of the nano-gratings, II-the shape of nano-gratings, III-the thickness of the nano-gratings. Figure 1 shows the schematic of the geometries considered in this work.



Figure 1: a) Perfectly flat parallel films separated by nano-gap. (emitting layer at the bottom, non-emitting layer on top). b) Rectangular nanoparticles placed on the emitting film separated by nano-gap from non-emitting film. c) Ellipsoidal nanoparticles placed on the emitting film separated by nano-gap from non-emitting film. d) Triangular nanoparticles placed on the emitting film separated by nano-gap from non-emitting film.



3. Results and Discussion We have evaulated the impact of periodicity of elliptic nano-structred gratings placed on the emitting layer, on LDOS profile at frequency range of 1.5 rad/s-1.9 rad/s. Width and height of the gratings is shown in figure 1 with ‘w’ and ‘h’ respectively. The distance of nanoparticles is shown with ‘d’ and NPs stands for Nanoparticles from hereon. We have compared the results of separate scenarios in which 2, 5, 10, 15, 20 and 25 SiC elliptic nano-gratings were placed in perfect contact with emitting layer. The size of ellipses was kept fixed and only the impact of periodicity of the gratings was observed. Each ellipse has a w=600 nm and h=20 nm. Here, w is chosen based on the fact that the thin layers are assumed to be very long in x-direction for these FDTD simulations. Hence, w has to be both small compared to the total length of the layers and yet not too small to make the simulation computationally too expensive. The distances between 2, 5, 10, 15, 20 and 25 nano-gratings were 14700, 3180, 1080, 480, 180, and 60 nm, respectively. We kept the x axis dimension and the width of CPML layers fixed across all simulations. Within this constraint, we could only fit up to 25 nanoparticles across. This provided adequate scope for a robust proof of concept. The results shows that enhancement factor of LDOS profile is directly proportional with the periodicity of nano-particles. In the case of 25 NPs each 60 nm apart from each other, 71% enhancement was observed when compared with the benchmark scenario in which no NPs were present at the surface of the emitting layer. We can observe that when d < 0.005λ ( λ = 1059 nm) we obtain maximum enhancement of LDOS. In the next step, we have compared the LDOS profile found for 10, the same size nanogratings placed on emitting layer with different shapes. Results for rectangles, ellipses and triangles are compared with each other in Figure 3. It was observed that rectangles and ellipses show a similar impact on enhancement of LDOS when compared against triangles, with a slightly higher
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enhancement observed for rectangles. Nano-gratings were set to have w=600 nm and h=20 nm and d=1080 nm ( d = 0.1λ ). Finally, we tested different width sizes (600-1500 nm) for 10 elliptic nano-gratings with h=20 nm and d=1080 nm. The results were monitored to observe if the increase in the width of the elliptic nanogratings has any impact on the LDOS value. The results showed a negligible change in LDOS profile. Figure 6 depicts the results found for this study. LDOS Increasement vs. Different Shapes of Nanoparticles 100



90



90



80



80



70



70



Enhancement %



Enhancement%



Enhancement Factor Vs. Periodicity 100



60 50 40 30



60 50 40 30



20



20



10



10



0 0



5



10



15



20



0



25



Square



Number of Nanoparticles (Periodicity)



Ellipse



Triangle



Different Shapes of Nanoparticles



Figure 2: Enhacement Factor vs Periodicity for SiC elliptic case) vs nano-particles.



Figure 3: Enhacement of LDOS (over no-particle different shapes of nano-gratings.



We have also studied the effect of different shapes of nanoparticles in near-field heat flux. Figure 4 depicts the result found for this study. Rectangle nano-particles show the greatest impact on enhancement of near-filed heat flux when placed on emitting layer and compared against elliptic and triangle nanoparticles. In Figure 5 we have compared the results of near-field flux found at 300, 600 and 1000 K when 25 elliptic NPs were placed on top of emitting layer against the benchmark results in which there were no NPs present. The results are normalized to the peak value of the benchmark scenario. Enhancement of near-field flux at different temperatures due to the presence of the NPs can be clearly seen. 1.8
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Figure. 4: Enhacement of heat flux at the presence of NPs and (over benchmark scenario) vs different shapes of nano-gratings.
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Figure 5: Near-field heat flux calculation at 300,600, 1000K at presence of elliptic nanoparticles vs the bechmarck scenario.



4. Concluding Remarks Near-field thermal radiation has broad range of applications in areas including nanothermophotovoltaics. Having a computational technique such as FDTD that can model complex electromagnetic geometries, in dispersive, anisotropic mediums where geometry complications may not allow analytical solutions can be promising for both current and future research. We have 30
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developed a new FDTD method to model arbitrary shape nanoparticles and have evaluated their impact on LDOS profile. The results show an increase in the magnitude of LDOS with an increase in the periodicity of the nano-gratings, when the distance between the gratings is much smaller than the wavelength of interest. We evaluated the impact of arbitrary shape nano-gratings and observed that rectangles showed the greatest impact on enhancement of LDOS and heat flux value when compared against ellipses and triangles of the same sizes. Enhancement of near-field flux at different temperatures due to the presence of the elliptic NPs could be clearly seen when compared against the scenario in which no NPs were present. It was also observed that an increase in the width of elliptical SiC nano-particles did not make any distinguishable change in the LDOS value. While in this work we have focused on gratings of the same shape, future work would involve arbitrary combinations of nano-particle shapes. LDOS Enhancement Vs. Width of Nanoparticles 100 90 80
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Figure 6: Enhacement of LDOS vs width of elliptic nanoparticles.
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It is now well established that thermal radiation radia is different from far-field field Planck’s radiation when distances are comparable to, or smaller than, Wien’s wavelength (λW=10 µm m at room temperature). Near-field field heat transfer between a semi-infinite semi emitter and a non-emitting emitting flat film of finite thickness thickne is considered in this study. Amongst other works, near-field near field radiative heat transfer between thin films was already investigated (e.g. in [1,2]), showing that the film sizes can modify the spectral distribution of the radiative heat flux around the resonances. resonances. The case of the radiative heat flux between a semisemi infinite and a coated metallic material was investigated in [3], where it was shown that the coupling of surface plasmons in the film can enhance the heat transfer between the two bodies. Here, a specific s objective is to investigate the spatial distribution of the radiative heat flux absorbed in the film as a function of its thickness and the distance between the emitter and the film. For materials supporting surface phonon-polaritons, polaritons, the resonance frequencies and their impact on the absorption of radiative heat flux in the film are examined in detail. An analysis of the conditions leading to interferences inside the film is performed in order to determine the impact on the absorbed flux, which also depends on possible interference effects in the gap.



(a)



(b)



Figure 1: (a) Schematic representation of the considered configuration, which is known to involve radiative heat transfer due to evanescent waves. (b) The purple arrows represent r the multi-reflections reflections inside the vacuum gap, while the green ones represent the multi-reflections multi inside the film. kz and kρ are the components of the wavevector respectively perpendicular and parallel to the interface.



The configuration under consideration is depicted in Figure 1(a): medium 1 is semi-infinite, semi while medium 3 has a finite thickness t. The two bodies are made of the same material and are separated by a vacuum gap of length d that can be smaller than the dominant wavelength of thermal radiation. By 32



E. BLANDRE et al.



Eurotherm 103: Nanoscale and Microscale Heat Transfer IV, October 15-17, Lyon, France



using the fluctuational electrodynamics theory involving dyadic Green’s functions, the propagative and evanescent components of the radiative heat flux at the entrance of the film (z=0) are respectively given by [2]: !, 4%²



=0 = =0 =



>



!, %²
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 1000°C) in order to achieve high conversion efficiency. A new solar energy conversion concept, based on the combination of photon absorption using a semiconductor material and thermionic emission, was recently suggested [1]: Photon Enhanced Thermionic Emission (PETE).,



Figure 1: the energy diagram of the PETE energy conversion process



Absorption of solar photons leads to an increase in both the minority carrier concentration in the conduction band and the quasi-Fermi level splitting. As a result, the energy barrier between conduction band and vaccum is reduced and the temperature level required for the electrons to be emitted from the surface is dramatically lowered. In this paper, we present a self-consistent model which predict the thermal and electrical behavior of the PETE diode cell.



Material and method We present in this section the mathematical model of the PETE diode cell. Assuming a lumped-heat transfer model, the cathode energy balance is given by:



 E f ,n −E f , p  Psun + JA (φ A + 2kTA ) + RNRR ( Eg + 3kTC ) = σ T 4 + JC (φC + 2kTC ) + P0 e kTC −1   178
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where: •



±² + 2(



²



is the energy carried away by electron from the anode(heating process) [2]



|



is the energy carried away from cathode (cooling process)



•



±| + 2(



•



RNRR(Eg+3kTC) is the energy supplied by the non-radiative recombination



•



σ T4 is black body emission



•



 E f ,n−E f , p  P0 e kTC −1 is the no-equilibrium radiative recombination rate [3]  



The cathode (JC) and anode (JA) currents are calculated as the difference between the cathode total optical generation (G) and recombination (R) rates, given by the equation:



L(G − R) =



JC − JA q



where L is the charge carriers diffusion length, assumed to be equal to the cathode thickness. The cathode emission current is given by :



Jc =



∞



∫



q vx N(E) f (E) dE = q < v > nexp(−
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where Eg, ³ and are respectively the bandgap, the electrical affinity, and the thermal velocity of carriers. The anode current density is calculated using the standard expression of thermionic current for metals : −φ A 2 kTA



JA = AT e



±² is the anode work function and A the Richardson-Dushman constant : 1.201×10-6 A m-2 K-2 The generation rate is given by:



G=



N ( E > Eg ) L



where N(E> Eg) is the number of photons with energy above the band gap. The 3 main recombination processes (radiative, Auger and SRH) were accounted for in the model, as well as the thermal dependence of the main electrical parameters (Eg, ni…) .



Results and discussion Figure 2 depicts the variation of electrical conversion efficiency as a function of temperature for various values of the electrical affinity. It is shown that a high ³ value leads to an increase in the diode voltage (´ = ³ + µ¶ − µ· − ±² ). As a consequence, the cathode work function rises and the
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temperature required for the electrons to overcome such an energetic barrier by thermionic emission is increased Figure 3 shows the different flux contributions for an illumination equivalent to 15 suns (where 1 sun = 1 mW/mm²) for both silicon and gallium arsenide semiconductors. At low applied voltage, the heat removed by the cathode electron emission and the thermal radiation applies a low temperature compared to high voltage.



Figure 2: The contribution of power heat and power dissipation mechanisms.



Actually, for high voltage i.e., exceeding the limiting voltage Vlim for which φc= Vlim+φa, the cathode emission current drops, causing a temperature increase. Moreover, the rate of radiative and nonradiative recombination is enhanced. We then notice two different diode behaviours depending on the material considered. For Silicon (indirect band gap) PETE device, non-radiative recombination dominates over the radiative recombination, generating a supplemental source of heat,whereas in the GaAs, the radiative recombination, which removes heat, is enhanced. It should be noticed, that for an average concentration (X = 15), the temperature level of the cathode is ~ 700 K for silicon and 650 K for GaAs.



(a)



(b)



Figure 3: The contribution of power heat and power dissipation mechanisms.
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Conclusion In this paper a novel solar energy conversion process was presented. A self-consistent electrical and thermal model is developed and used to analyse the different heat generation mechanisms and the resulting electrical efficiency.
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1. Context and objectives With the development of the nanotechnology, the domain of thermoelectricity has pushed itself to the frontiers of the global research on energy harvesting. Efforts are aimed at finding efficient thermoelectric materials under the idea of “electron crystal-phonon glass” material system [1]. The efficiency of a thermoelectric material is characterized by the dimensionless figure of merit (ZT value), which involves the Seebeck coefficient S, electrical conductivity σ and thermal conductivity κ through the formula of: ZT =



S 2 σT



κ



.



(1)



However, highly accurate measurements of the three concerned factors are required for a well determination of the ZT value. The measurement of thermal conductivity stays the greatest experimental challenge, especially for epitaxial thermal resistive thin films grown on electrical conductive substrates, which are the best material candidates for potential thermoelectric applications in microelectronics. In this work we have developed an advanced experimental technique based on 3-omega method [2, 3, 4], for highly precise measurements of thermal conductivity of epitaxial semi-conductor thin films. Experiments have been done for the measurement of the thermal conductivity of a nanostructured Ge thin film. The results contribute to the investigation of the thermoelectric properties of this material, also importantly, help to achieve a complete comprehension of the thermal transport mechanism in nanostructured materials.



2. Originality of the research For energy harvesting using thermoelectricity in the domain of microelectronics, the search of an efficient thermoelectric material stays the first challenge. It must be a semiconductor material and well compatible with the existing silicon based microelectronics platform. Here we would like to present a work on the thermal characterization of nanostructured epitaxial Ge:Mn thin film, as a highly potential thermoelectric material for microelectronics. It is a thin film of a doped Ge matrix containing Ge3Mn5 nanoinclusions. The inclusions have a nearly isotrope distribution, and a diameter of 5 to 50 nm depending on the epitaxial conditions using MBE (Molecular Beam Epitaxy) [5, 6]. Being perfectly monocrystalline with a high doping level (p-type, 182
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1018 cm-3), the Ge matrix of the thin film possesses a high value of electrical conductivity, a low thermal conductivity is then expected for a high ZT value. To achieve the most precise measurement of the thermal conductivity of this Ge:Mn thin film, which presents itself as a thin (generally 200 nm), epitaxial and electrical conductive layer, we have developed a highly sensitive experimental technique using the 3-omega method.



3. Method 3.1. The 3-omega method To investigate the thermal properties of a thin film using the 3-omega method, a transducer metal line (role of both heater and thermometer, figure 1) is needed to be deposited on the film, in our case it is a 100 nm thick platinum transducer. For the case of an electrical conductive thin film, an isolating layer is required to isolate the transducer from the sample surface. A layer of 50 nm of aluminium oxide (Al2O3) (figure 2) is chosen to do the task in our work, deposited using the technique of ALD (Atomic Layer Deposition). Transducer Al O 2



Ge:Mn



3



Substrate



Figure 1: Designed motif in lithographic mask for the deposition of transducer.



Figure 2: Schematic illustration of the sectional structure of a prepared sample for thermal measurement.



The 3-omega method concerns the measurement of the third harmonic part (3ω) of the voltage signal of the transducer after applying an alternating current (AC) of angular frequency ω. The frequency dependence of this V3ω permits the extraction of the thermal conductivity of the substrate material. Here we have designed our measurement devices based on a differential geometry [2, 3, 7]. The sample is mounted inside a cryostat which ensures a large range of temperature environment from the temperature of helium liquid up to 400K. AC current
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Figure 3: Schematic diagram of the electrical circuit for 3-omega measurement (the zone inside the dashed line represents a homemade electronic device).
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3.2. 3-omega method for thin film According to the principles of 3-omega method, for the case of a narrow transducer metal line on the surface of an infinite half-volume substrate, if the width of the line is largely small comparing to the thermal penetration depth (low frequency range), and the thickness of the transducer is negligible, an approximation of the temperature oscillation at the sample surface can be deduced [2]: ∆T =



2



Pl  1 ω π  − ln + η − i  4 π ⋅ k0  2 Ω



R I ( Pl = tr )



(2)



l



Where Pl is the linear heat dissipation with Rtr the electric resistance, I the applied AC current and l the length of the transducer; the thermal angular frequency frequency of the AC current; Ω =



ω = 4πf , where f is the electric



k0 with k0 the thermal conductivity of the substrate, ρ the ρ Cb 2



density, C the specific heat, b the half width of the transducer and η = 0.92 . The Ge:Mn thin film (thickness t1 ) is generally deposited on a thick substrate (Si or Ge, 300 µm thick). As long as t1 is largely small comparing to the width 2 b of the transducer, the heat transport is considered to be one-dimensional across the film and the heat flux conserved. This approximation brings a shift in the real part of the surface temperature oscillation: ∆T = ∆



Pl  1 ω π  P ⋅ R′  − ln + η − i  + l 4 2b π ⋅ k0  2 Ω



∆Treal P



=



(3)



R′ 2bl



(4)



The thin film represents itself only as a thermal barrier resistance R′ for the heat flux, which is directly related with its thickness and thermal conductivity through: t R ′ = 1 + Rc k1



(5)



where Rc is the effective thermal resistance of interfaces, being the total interface thermal resistance of the thin film involved sample minus the total one for the case of the sample substrate.



4. Experimental results The 3-omega measurements have been carried out on samples of Ge:Mn thin films (240 nm thick) grown on a n-type doped Ge substrate. As the Ge matrix of Ge:Mn thin film is perfectly crystalline and homoepitaxied on the Ge substract, the interface thermal resistance between the film and the substrate is neglected [8]. The Data of V3ω signals as a function of frequency (here within 100 – 1000 Hz), from the sample and the reference Ge (n-type) substrate, at different temperature, are gathered and treated. At one certain temperature, the comparison of the curves



∆Treal from the two samples reveal a clear P



shift as shown in figure 4, from the curve of reference sample to the Ge:Mn sample. For the case of 320K in the figure, the thermal conductivity of the Ge:Mn thin film is calculated to be 5.5 (±1) Wm1 -1 K . The results have revealed a remarkably reduced thermal conductivity of this thin film by a factor of 10 at 320K, compared to the value for bulk Ge substrate (60W/mK). 184
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5. Future works To properly understand the physics of the involved phonon scattering mechanism introduced by the nanostructure, the 3-omega measurements will be continued on different samples of the Ge:Mn thin film, grown with different Mn concentration, at different annealing temperature. The measurement results will be evaluated together with further characterization results using TEM (Transmission Electron Microscopy), to finally identify the influence of the nano-inclusion, with its diameter and dispersion, on the heat transport inside the thin film. Meanwhile, experiments for a complete characterisation of the thin film’s thermoelectric properties will also be carried out, mainly the measurements of its electrical conductivity and Seebeck coefficient, aiming at a final determination of the ZT value.
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Figure 4: Comparison of the curves
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There is an increasing demand for accurate, non-invasive and self-reference temperature measurements as technology progresses into the nanoscale. This is particularly so in micro- and nanofluidics where the comprehension of heat transfer and thermal conductivity mechanisms can play a crucial role in areas as diverse as energy transfer and cell physiology [1,2]. In fact, the integration of optics and micro/nanofluidic devices to provide novel functionalities in nanosystems is stimulating a promising new area of optofuidics, for nanomedicine and energy. Despite promising progress precision control of fluid temperature by accounting for local temperature gradients, heat propagation and accurate temperature distributions have not yet been satisfactorily addressed, e.g., investigating heat transfer mechanisms in nanofluids or mapping temperature distributions within living cells. The major obstacle for this has been the unavailability of a thermometer with the following requirements (that should be simultaneously satisfied): (i) high temperature resolution ( 
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