Elyes Nefzaoui 
  
Younès Ezzahri 
  
Jérémie Drevillon 
  
Karl Joulain 
  
  
  
NAN OEN ERGY LE TTERS On maximal near-field radiative transfer between two plates

Thanks to its partial coherence and to the high exchanged flux densities, near-field radiative transfer is a promising way to significantly and simultaneously enhance both TPV devices efficiencies and power densities. A parametric study of Drude and Lorentz models performances in maximizing near-field radiative heat transfer between two semi-infinite planes separated by nanometric distances at room temperature is presented in this paper. Optimal parameters of these models that provide optical properties maximizing the radiative heat flux are reported and compared to real materials usually considered in similar studies, silicon carbide and heavily doped silicon in this case. Finally, the frequently assumed hypothesis which states a maximal radiative heat transfer when the two semi-infinite planes are of identical materials is numerically confirmed. Its subsequent practical constraints are then discussed. Presented results enlighten relevant paths to follow in order to choose or design materials maximizing nano-TPV devices performances.

I. INTRODUCTION

I t has been shown in the late 1960 [1, 2] that the radiative heat flux (RHF) exchanged by two media in the near-field (NF), i.e. when these media are separated by very small distances (smaller than the thermal radiation characteristic wavelength ( T k hc b T /   ) could exceed by several orders of magnitude the black body limit. This topic has then received an increasing attention until its recent experimental verifications [3,4]. In addition, the particular plane-plane configuration, potentially useful for various applications such as the cooling of high flux density electronic devices [5] or thermo-photovoltaic (TPV) conversion of radiative energy [6], has been thoroughly investigated from a theoretical point of view by several groups [START_REF] Francoeur | Energy Conversion[END_REF][8][9]. These works mainly addressed dielectrics, usually silicon carbide (SiC) [8,10] which surface phonon-polaritons highly contribute to the NF RHF increase. They also considered materials which support plasmon-polaritons in the wavelength range of thermal radiation at room temperature such as tungsten [START_REF] Francoeur | Energy Conversion[END_REF]11] or heavily doped silicon (HD-Si) [9,12].

In the present numerical work, hypothetical materials modeled by local Drude and Lorentz models are considered. The aim of this work is to find the sets of parameters of these models that possibly maximize the RHF between two semi-infinite planes of identical materials separated by a nonometric gap at room temperature. For this purpose, we calculate the exchanged RHF between the two media while varying the different parameters in a wide range. Exact calculations of the NF RHF expression derived from the fluctuating electrodynamics theory are performed. The optimal hypothetical material performances are compared to those of usually considered materials, SiC and HD-Si for instance. Finally, the influence of small discrepancies between the two planes optical properties RHF is discussed. Results are discussed from a Landauer-type mesoscopic description of radiative heat transfer which enlightens relevant paths to follow for the design of metamaterials maximizing NF RHF.

II. METHODS

Consider two semi-infinite planes 1 and 2 separated by a vacuum gap of thickness δ and characterized by their dielectric functions and temperatures ( 11 ,T



) and ( 22 ,T  ) respectively. The total RHF density exchanged by the two media is given by [13] prop evan q q q  where :
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are the contributions of propagative and evanescent waves respectively.

  is the normal wave vector component in vacuum where q is the parallel component.

In the extreme near field regime ( T  ), the evanescent contribution dominates the transfer. Furthermore, for dielectrics as silicon carbide (SiC) and some doped semi-conductors, heavily doped silicon (HD-Si) for instance, the p -polarized evanescent contribution is dominating. RHF then reduces to: ( , , , )
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where the monochromatic flux density can be written in a Landauer form as : The mesoscopic description contribution : multiplying transfer channels as a key to reach maximal NF RHF
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The transmission coefficient ( , ) p q evan  of   , q  evanescent modes ( /1 0 qq ) for p polarization is presented in Fig. 2. First, we note that modes contributing to the transfer (hot-colored areas) are significantly more numerous with Drude model. The use of more transfer channels may then explain the higher flux density values. Now, consider the expression of evanescent contributions to NF RHF (equation ()  ). The integrand of the sum over the wave involves ( , ) p qq evan



and not only ( , ) p q evan  , which means that high q modes have a dominating weight in the total monochromatic flux density. Compared to Lorentz model, Drude model ensures that a higher number of these modes contribute to the transfer. Thus, in order to maximize NF RHF, used materials dielectric properties should allow the use of the highest number of transfer channel. Then, high wave number value channels should be preferred. The active control of participating modes is possible by meta-materials which present a tunable dielectric function. Materials with non-local dielectric functions, such as graphene for instance [START_REF] Messina | [END_REF], allow a finer control of contributing channels which makes them particularly promising candidates. 

10  2 p  and 1 pFig. 1 .

 10211 Fig. 1. Normalized RHF for Drude model ( 1    ) between two planes of identical materials as a function of plasma frequency and damping coefficient (a) and between two planes of different materials (b).



  Fig. 2.   , q  modes transmission probability in the case of Drude (a) and Lorentz (b) models. In both cases, dieletric function models are used with the sets of parameters maximizin NF RHF for 1    (and () SiC TO TO   for