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Impacts of propagating, frustrated and surface modes on radiative, electrical and thermal losses in nanoscale-gap thermophotovoltaic power generators Michael P. Bernardi1, Olivier Dupré2, Etienne Blandre2, Pierre-Olivier Chapuis2, Rodolphe Vaillon2 & Mathieu Francoeur1 The impacts of radiative, electrical and thermal losses on the performances of nanoscale-gap thermophotovoltaic (nano-TPV) power generators consisting of a gallium antimonide cell paired with a broadband tungsten and a radiatively-optimized Drude radiator are analyzed. Results reveal that surface mode mediated nano-TPV power generation with the Drude radiator outperforms the tungsten radiator, dominated by frustrated modes, only for a vacuum gap thickness of 10 nm and if both electrical and thermal losses are neglected. The key limiting factors for the Drude- and tungsten-based devices are respectively the recombination of electron-hole pairs at the cell surface and thermalization of radiation with energy larger than the cell absorption bandgap. A design guideline is also proposed where a high energy cutoff above which radiation has a net negative effect on nano-TPV power output due to thermal losses is determined. It is shown that the power output of a tungsten-based device increases by 6.5% while the cell temperature decreases by 30 K when applying a high energy cutoff at 1.45 eV. This work demonstrates that design and optimization of nano-TPV devices must account for radiative, electrical and thermal losses.



Radiation heat transfer in the near field, where bodies are separated by sub-wavelength gaps, exceeds Planck’s blackbody distribution due to energy transport by tunneling of evanescent modes1–10. These modes include evanescent waves generated by total internal reflection of propagating waves at the material-gap interface (frustrated modes) and surface waves such as surface plasmon-polaritons11 and surface phonon-polaritons (surface modes)12. Whale and Cravalho13,14 suggested that direct thermal-to-electrical energy conversion via thermophotovoltaic (TPV) power generators could benefit from the near-field effects of thermal radiation by spacing the radiator and the cell by a sub-wavelength vacuum gap. Since then, a few groups analyzed nanoscale-gap TPV (nano-TPV) power generators theoretically15–25 and experimentally26–31. Numerical studies predicted a potential power output enhancement by a factor of 20 to 30 in nano-TPV systems, but most of these modeling efforts only accounted for radiative losses in the cell15–20. Radiative and electrical losses in nano-TPV power generators were considered for the first time by Park et al.21 A device consisting of a tungsten radiator at 2000 K and an indium gallium antimonide (In0.18Ga0.82Sb) cell maintained at 300 K was modeled. Results revealed that electrical losses induce a drop 1
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Figure 1.  Coupled effects of radiative, electrical and thermal losses on the power output of nano-TPV power generators.



in conversion efficiency by 5 to 10%. To date, only Francoeur et al.25 considered the coupled effects of radiative, electrical and thermal losses on the performances of a nano-TPV system made of a tungsten radiator maintained at 2000 K and an In0.18Ga0.82Sb cell. Results showed that the broadband enhancement of the radiative flux in the near field does not automatically lead to improved performance due to large thermal losses and the associated temperature increase in the cell inducing a significant drop of the power output. It was found that a thermal management system with a high heat transfer coefficient of 105 Wm−2K−1 was required to maintain the cell at room temperature for nanometer-size gaps in order to obtain performances similar to those of Park et al. It is thus clear that accounting for the three loss mechanisms is a critical component of the design of optimal nano-TPV power generators. Indeed, Dupré and Vaillon32 proposed a novel approach for optimizing the performance of standard crystalline silicon solar cells by minimizing radiative and electrical losses as well as thermal losses that are usually omitted. It was shown that the cell architecture leading to a maximum power output is affected when thermal losses are considered in the optimization procedure. This is expected to have an even more significant impact in the optimization of nano-TPV power generators. Nano-TPV power generators constitute an attractive alternative to conventional TPV systems limited by the Planck blackbody distribution. Experimental nano-TPV devices are however challenging to fabricate, since a nanosize vacuum gap needs to be maintained between two surfaces having dimensions of a few hundreds of micrometers to a few millimeters. As such, this technology will be viable only if a significant power output enhancement over conventional TPV devices can be obtained. The objective of this paper is therefore to investigate in depth the impacts of radiative, electrical and thermal losses on nano-TPV power output enhancement. In particular, the contributions of propagating, frustrated and surface modes to radiative, electrical and thermal losses are analyzed for nano-TPV systems with tungsten and radiatively-optimized Drude radiators. A secondary objective is to provide general guidelines for the design and conception of nano-TPV devices when all loss mechanisms are taken into account.



Results



Interplay between radiative, electrical and thermal losses.  Figure  1 shows how the coupled effects of radiative, electrical and thermal losses negatively affect nano-TPV power output. Note that losses are defined relative to the power absorbed by the cell. Reflection by the cell is not a radiative loss for nano-TPV systems, as reflected radiation can be absorbed by the radiator. Yet, reflection should be minimized in order to maximize radiation absorption by the cell. Additionally, transmission is negligible for a micrometer-thick cell. Radiation absorbed by the cell with energy E below its bandgap Eg does not generate electron-hole pairs (EHPs) and is classified as a radiative loss. Since this energy is dissipated as heat via absorption by the lattice and the free carriers, it also contributes to thermal Scientific Reports | 5:11626 | DOI: 10.1038/srep11626
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Figure 2.  Nano-TPV power generator consisting of a radiator, maintained at a constant and uniform temperature of 2000 K, separated by a vacuum gap of thickness d from a GaSb cell.



losses resulting in an increase of the cell temperature Tcell. As Tcell increases, the dark current increases thereby decreasing the power output25. The radiative properties and the absorption bandgap of the cell are temperature-dependent, such that there is a feedback component, shown by the dashed arrow 1 in Fig. 1, affecting the absorption characteristics and therefore the radiative losses. Radiation absorbed by the cell with energy E equal to or larger than Eg generates EHPs. Electrical losses arise when the photogenerated EHPs recombine before being separated at the depletion region of the cell, thus reducing the power output. Electrical losses include recombination within the volume and at the surfaces of the cell. These mechanisms also contribute to thermal losses since the EHPs that undergo non-radiative recombination dissipate their energy as heat. As the electrical properties of the cell are temperature-dependent, an increase in Tcell also affects recombination of EHPs; this coupling is represented by the dashed arrow 2 in Fig. 1. Radiation with energy E larger than the bandgap Eg dissipates its excess energy as heat through thermalization, thus contributing to thermal losses. There is a feedback component to this loss mechanism, shown by the dashed arrow 3 in Fig. 1, as increasing Tcell lowers the absorption bandgap of the cell and modifies its radiative properties. Clearly, accounting for thermal losses substantially increases the complexity of the problem as the loss mechanisms are strongly coupled to each other.



Description of the problem.  The nano-TPV power generator under study is shown in Fig.  2 and consists of a semi-infinite radiator (layer 0) at a temperature of 2000 K and a 10.4-μ m-thick cell (layers 2 and 3) separated by a vacuum gap of thickness d (layer 1). The problem is assumed to be one-dimensional, for which only the variations along the z-axis normal to the surface of the radiator and the cell are accounted. The cell is modeled as a single p-n junction made of gallium antimonide (GaSb) that has a bandgap of 0.723 eV at 293 K. The thickness and doping level of the p-region (layer 2) are 0.4 μ m and 1019 cm−3, respectively, while the thickness of the n-region (layer 3) is 10 μ m with a doping level of 1017 cm−3. For these conditions, the thickness of the depletion region, assumed to be exclusively in the n-doped region, is 113 nm at 293 K25. A convective boundary condition with T∞ =  293 K and a heat transfer coefficient fixed at h∞ =  104 Wm−2K−1 is used as a thermal management system (layer 4). Vacuum gap thicknesses d ranging from 10 to 1000 nm are considered in order to maximize radiative heat transfer by evanescent modes. In practice, maintaining a vacuum gap on the order of a few tens of nanometers between two millimeter-size surfaces is difficult to achieve. However, in the future, the bottlenecks associated with maintaining a nanosize gap may be overcome. As such, the analysis presented here is not limited to current technological constraints. Additionally, measurement of radiation heat transfer between a microsize sphere and a surface separated by a 30-nm-thick vacuum gap was reported by Rousseau et al.5 The experimental results were compared against numerical predictions based on the Scientific Reports | 5:11626 | DOI: 10.1038/srep11626



3



www.nature.com/scientificreports/



Figure 3.  Power output enhancement as a function of the vacuum gap thickness d and the type of losses considered for tungsten and Drude radiators.



Derjaguin approximation, where the flux between the sphere and the surface is computed as a summation of local heat fluxes between two parallel surfaces. The results presented hereafter could thus be used for designing a sphere-surface nano-TPV experimental bench where it is possible to maintain a nanosize gap. Various numerical studies that accounted solely for radiative losses suggested that radiators with quasi-monochromatic emission in the near field matching the bandgap of the cell result in better performing nano-TPV power generators. In order to verify this hypothesis, a radiatively-optimized radiator supporting surface polariton modes made of a fictitious material with a dielectric function described by a Drude model given by ε (ω) = 1 − ω p2/(ω 2 + i Γω) is considered, where the plasma frequency ωp and the loss coefficient Γ  are fixed at 1.83 ×  1015 rad/s (1.20 eV) and 2.10 ×  1013 rad/s (0.0138 eV), respectively. These values were chosen following the technique proposed by Ilic et al.17 where Γ  is calculated to maximize radiation transfer with energy larger than the cell absorption bandgap for a vacuum gap of 10 nm. Optimizing Γ  for every gap thickness is unnecessary as it leads to a variation in the power output of less than 1%. The plasma frequency ωp was chosen so that surface polariton resonance occurs at a radiation energy slightly above the cell bandgap. Surface polariton resonance for the radiator-vacuum interface is ω p / 2 , which corresponds to a frequency of 1.29 ×  1015 rad/s (0.850 eV)1. For the specific values of ω p and Γ  selected here, the real part of the refractive index of the Drude radiator is between zero and one within the spectral band of interest (0.09 eV ≤  E ≤  2.5 eV), such that no frustrated modes are generated at the radiator-vacuum interface. For comparison, a tungsten radiator where the emission in the near field is dominated by frustrated modes is also considered. The dielectric function of tungsten has been obtained by curve-fitting the data provided in Ref. 33. Note that despite supporting surface plasmon-polaritons in the near infrared, tungsten does not exhibit quasi-monochromatic near-field thermal emission due to high losses. For the tungsten-vacuum interface, resonance occurs when the real part of the permittivity ε′  =  − 1 which corresponds to a frequency of 1.97 ×  1015 rad/s (1.30 eV). At this frequency, the imaginary part of the permittivity ε″  is large and takes a value of 20.3. In the simulations, the cell is discretized into N control volumes and its temperature is initialized at 293 K. The radiative energy absorbed in each control volume is calculated from fluctuational electrodynamics34, and is used to determine the net radiation absorbed by the cell due to the lattice and the free carriers, the heat losses by thermalization and the local generation rate of EHPs. The generated photocurrent and heat sources due to non-radiative and radiative recombination are afterwards calculated by solving the minority carrier diffusion equations. Note that radiative recombination has a negligible effect on the overall energy balance of the cell25. An updated temperature of the cell is obtained by solving the energy equation. The radiative, electrical and thermophysical properties of the GaSb cell, provided in Ref. 25, are calculated at the updated cell temperature, and computations are repeated until Tcell converges. The dark current is obtained by solving the minority carrier diffusion equations without the local generation rate of EHPs, and various performance indicators, such as the power output and conversion efficiency, are finally calculated. The details of the computational model are provided in the Methods section.



Impacts of radiative, electrical and thermal losses on nano-TPV power output enhancement.  Figure  3 shows the power output enhancement of the tungsten- and radiatively-optimized Scientific Reports | 5:11626 | DOI: 10.1038/srep11626
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www.nature.com/scientificreports/ Drude-based nano-TPV power generators as a function of the vacuum gap thickness d and the type of losses considered in the model. The corresponding conversion efficiency, ηc, is provided in Fig. S1 of the Supplemental Information section. For both radiators, the power output enhancement is defined as the power output of the actual device (P) over the power output obtained with a tungsten source in the far field when all loss mechanisms are considered (PFF =  3.18 ×  104 Wm–2, Tcell =  298 K). Note that when thermal losses are neglected, the temperature of the cell is fixed at 293 K. The power output enhancement increases as the thickness of the vacuum gap decreases due to an increasing contribution of evanescent modes to the radiative flux. The only exception arises for the Drude radiator, where the power output enhancement increases non-monotonically for sub-100 nm vacuum gap thicknesses; the local minimum observed at d =  50 nm will be explained when analyzing the separate contributions of propagating, frustrated and surface modes. For a fixed gap thickness and for the tungsten radiator, the power output enhancement P/PFF is maximum when only radiative losses are considered, where it is assumed that all radiation absorbed by the cell with energy E larger than the bandgap Eg generates EHPs contributing to the photocurrent (i.e., the quantum efficiency is 100% for radiation with E ≥  Eg). When radiative and electrical losses are taken into account, the quantum efficiency for radiation with E ≥  Eg is no longer 100% due to bulk and surface recombination of EHPs thus resulting in a lower power output enhancement. For the case that radiative, electrical and thermal losses are considered, heat generation in the cell due to absorption by the lattice and the free carriers, thermalization and recombination of EHPs increases the temperature of the cell, thus decreasing the power output enhancement because of an increase of the dark current. The same conclusions are applicable for the Drude radiator, except in the gap range from 20 to 80 nm where the power output enhancement for radiative, electrical and thermal losses slightly exceeds the predictions for radiative and electrical losses. This counterintuitive behavior is explained by the fact that the cell bandgap decreases as Tcell increases, thus increasing radiation absorption and EHP generation. For the case of radiative, electrical and thermal losses, Tcell varies from 350 to 303 K in the gap range from 20 to 80 nm, corresponding to bandgap variations from 0.701 to 0.719 eV; for the case of radiative and electrical losses, Tcell is 293 K such that the bandgap is fixed at 0.723 eV. However, above a certain temperature, thermal effects become dominant and cause the power output to deteriorate rapidly due to a large dark current. Note that the equilibrium temperatures of both types of nano-TPV devices as a function of the vacuum gap thickness are provided in Fig. S.2 of the Supplemental Information section. In all simulations, the temperature difference in the cell is negligible (Δ Tcell ≤  1.3 K), such that a single average temperature is reported for a given vacuum gap thickness. The maximum power output enhancement, arising for a 10-nm-thick gap, is 43.0 and 53.9 for the tungsten- and the Drude-based devices, respectively, when only radiative losses are considered; the corresponding conversion efficiencies are 47.9% and 59.5%. When both electrical and thermal losses are added, the cell temperature, the conversion efficiency and the power output enhancement for the tungsten radiator are respectively 448 K, 21.2% and 21.5 (− 50.0% drop in power output enhancement relative to radiative losses), while the cell exceeds its melting temperature of 985 K for the Drude-based system. It is also interesting to note that the radiatively-optimized Drude radiator leads to a power output enhancement larger than that achieved with tungsten only for the case d =  10 nm when only radiative losses are accounted for. Figure 4 shows the power output enhancement as a function of the vacuum gap thickness, the type of losses considered and the modes contributing to power generation. These modes are defined relative to the radiator-vacuum interface. Propagating modes propagate in both the radiator and the vacuum gap, and correspond to waves with parallel wavevectors kρ smaller than k0, where k0 is the magnitude of the wavevector in vacuum. Frustrated modes are propagating within the radiator and evanescent in the vacuum gap, such that they are described by parallel wavevectors k0  Eg), it is reasonable to expect that radiation absorption has a net negative effect on the cell arising when the reduction of the power output due to heat generation overcomes the power produced by EHP photogeneration. This will be analyzed further in the next sub-section. For the Drude radiator (Fig.  5(b)), thermal losses at small gap distances are dominated by surface recombination of EHPs generated by surface modes. It is therefore imperative to minimize the surface Scientific Reports | 5:11626 | DOI: 10.1038/srep11626
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Figure 6.  Difference of power output with and without filtering ΔP and cell temperature Tcell as a function of the high energy cutoff Ehigh (the low energy cutoff is fixed at 0.66 eV).



recombination velocity when radiation transfer is dominated by surface modes in order to minimize both electrical and thermal losses. However, one must keep in mind that even if surface recombination is minimized, surface polariton mediated nano-TPV power generation outperforms traditional radiators only in the extreme near field. Thermalization is not as critical for the Drude radiator when compared to tungsten, since radiative heat transfer in the near field is quasi-monochromatic. The relative contribution of thermalization increases as d increases, when the flux contains a non-negligible portion of broadband propagating waves. From the results obtained here, it is obvious that a Drude radiator optimized by accounting solely for radiative losses is not a viable solution for enhancing power generation in nano-TPV devices. The design of nano-TPV systems maximizing power generation must account for all three loss mechanisms, radiative, electrical and thermal.



Estimation of cutoff spectral band for improved nano-TPV performance.  The results discussed



in the previous section suggest that nano-TPV systems exploiting frustrated modes outperform devices capitalizing on surface modes, except in the extreme near field when both electrical and thermal losses are minimized. However, broadband radiators supporting frustrated modes lead to high thermal losses due to thermalization. This section attempts to improve the performance of a tungsten-based device (d =  10 nm) dominated by frustrated modes by filtering a portion of the near-field emission spectrum while accounting for all loss mechanisms Radiation with energy E lower than the absorption bandgap of the cell Eg should be suppressed as it only contributes to radiative and thermal losses (see Fig. 1). For simplicity, a fixed low energy cutoff of 0.66 eV is selected since the cell temperature is expected to be higher than 293 K due to thermal losses. This choice is motivated by the fact that when all losses are considered, the device with the tungsten radiator and d =  10 nm reaches an equilibrium temperature of 448 K; at this temperature, the resulting absorption bandgap of the cell is 0.66 eV. In addition, the reduction of the power output associated with heat dissipation in the cell due to absorption of radiation with energy E larger than Eg, dominated by thermalization, may exceed the power produced from the generation of EHPs. As such, a high energy cutoff Ehigh above which radiation absorption has a net negative effect on the power output can be determined. This is done by analyzing the difference between the power output obtained with and without filtering (Δ P =  Pfilter – P, where P =  6.82 ×  105 W/m2) as a function of Ehigh (see Fig. 6). Although employing a conventional filter to achieve the desired spectrum in the near field is unlikely, man-made structures such as metamaterials and photonic crystals can be used for controlling thermal emission. There is an optimum high energy cutoff Ehigh (1.45 eV) at which the difference in power output Δ P is maximized. This arises since the cell temperature decreases with decreasing the high energy cutoff due to smaller heat losses by thermalization. As such, the maximum voltage increases while the maximum current decreases since a smaller number of EHPs are generated by decreasing the high energy cutoff (see Fig. S.7 of the Supplemental Information section). By limiting thermal emission by the tungsten source to a spectral band from 0.66 to 1.45 eV, a power output enhancement of 22.9 is achieved. This is a 6.5% increase compared to the power output enhancement when considering the full spectrum of tungsten, where a P/PFF value of 21.5 was obtained. The conversion efficiency also increases from 21.1% when considering the full spectrum to 25.6% when capitalizing on the filtered spectrum (see Fig. S.8 of the Supplemental Information section). It is also remarkable that the cell reaches a temperature of 418 K, while a temperature of 448 K was obtained with the entire spectrum. By analyzing thermal losses that are Scientific Reports | 5:11626 | DOI: 10.1038/srep11626
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www.nature.com/scientificreports/ usually neglected in the literature, it is possible to decrease the cell temperature by 30 K (and thus reduce the cooling load) and to increase the power output enhancement by 6.5%. It is clear that thermal losses are an integral part of the design of optimal nano-TPV power generators. Here, it was possible to determine a spectral limit above which radiation absorption is more detrimental than beneficial to the power output by accounting for heat generation within the cell. A rigorous optimization scheme would require further analysis for determining the near-field thermal spectrum maximizing power generation.



Conclusions



This work demonstrated that a quasi-monochromatic radiator supporting surface modes outperforms a tungsten radiator only in the extreme near field when both electrical and thermal losses are minimized. In an actual nano-TPV power generator and for a realistic vacuum gap thickness of 100 nm, which would automatically account for all loss mechanisms, a power output enhancement of 4.69 is achieved through the use of a tungsten radiator, while a power output enhancement of 1.89 is obtained with a radiatively-optimized Drude radiator. Recombination of EHPs at the surface of the cell is the main limiting factor to surface mode mediated nano-TPV power generation. For a radiator dominated by frustrated modes, thermalization significantly affects nano-TPV power output due to the broadband enhancement of the flux in the near field. Finally, it was shown that the impact of thermalization in a device dominated by frustrated modes can be mitigated by determining a high energy cutoff above which radiation absorption has a net negative effect on nano-TPV power output. For tungsten, a high energy cutoff of 1.45 eV leads to an increase of the power output by 6.5% and a decrease of the cell temperature by 30 K. Such an analysis is only possible when thermal losses are considered, thus showing that radiative, electrical and thermal losses must be considered in the design of optimal nano-TPV power generators.



Methods



The net radiative heat flux absorbed by a control volume of thickness Δ zj in the cell is calculated using fluctuational electrodynamics and dyadic Green’s functions for layered media25,34. The absorbed radiation with energy equal to or larger than the bandgap of the cell is used for calculating the local monochromatic generation rate of EHPs gj,ω [m−3s−1(rad/s)−1], acting as a source term in the minority carrier diffusion equations:25,45
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where the dependent variables Δ ne,ω and Δ nh,ω are the local excess of minority carriers (e: electrons in the p-region, h: holes in the n-region) above the equilibrium concentration [m−3], De and Dh are the minority carrier diffusion coefficients [m2s−1], while τe and τh are the minority carrier lifetimes [s] that include radiative and non-radiative (Auger and Shockley-Read-Hall) recombination processes. The local monochromatic generation rates of EHPs within a given control volume j in the p- and n-regions are respectively given by:
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abs where ω  is the angular frequency [rad/s],  is the reduced Planck constant [1.0546 ×  10−34 Js], q ω,Δ z (p, n) j



is the local monochromatic radiative heat flux absorbed by control volume j [Wm−2(rad/s)−1], κ jib,ω is the local monochromatic interband absorption coefficient [m−1] and κj,ω is the local monochromatic absorption coefficient that accounts for absorption by the lattice and the free carriers as well as the interband absorption process [m−1]. The boundary conditions of the minority carrier diffusion equations at the cell-vacuum interface (z =  Z2) and at the cell-thermal management interface (z =  Z4) account for surface recombination of EHPs and are respectively given by:
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where Se and Sh are the minority carrier surface recombination velocities [ms−1]. At the boundaries of the depletion region, it is assumed that the minority carriers are swept by the electric field at the p-n n junction such that Δn e,ω (Zdpp ) = 0 and Δn h,ω (Zdp ) = 0. The photocurrent produced by the cell is the sum of contributions due to EHPs generated outside the depletion region diffusing to the boundaries of that zone and EHPs generated directly in the depletion region. In the depletion region, it is assumed that all EHPs contribute to the photocurrent:
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where e is the electron charge [1.6022 ×  10−19 J(eV)−1] and the monochromatic photocurrent has units of Am−2(rad/s)−1. The photocurrent generated at the boundaries of the depletion region is calculated using the solution of the minority carrier diffusion equations:
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The total photocurrent Jph is calculated by integrating the sum of Eqs. (7), (8) and (9) over the frequency from ω g to infinity, where ωg is the absorption bandgap of the cell in rad/s (ω g = E g e/ ). Heat transport within the cell is modeled via the one-dimensional steady-state energy equation with heat generation:



k
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(10)



where k is the thermal conductivity of the cell [Wm−1K−1]. The local volumetric heat generation [Wm−3] is defined as:



Q (z ) = −Q LFC (z ) + QT (z ) + Q NRR (z ) − Q RR (z )



(11)



Bulk non-radiative recombination, QNRR, is a heat generation process due to EHPs recombining before reaching the depletion region. EHP recombination may also result in radiation emission, QRR, which has a cooling effect on the cell. These two contributions are computed from the solution of the minority carrier diffusion equations25. The local radiative source term, QLFC, represents the balance between thermal emission and absorption by the lattice and the free carriers. Finally, heat dissipation within the cell by thermalization is accounted for via the term QT. These last two contributions are calculated from the solution of the near-field thermal radiation problem25. At the cell boundaries, internal heat conduction and surface recombination of EHPs are balanced with an external heat flux. At the cell-vacuum interface (z =  Z2), the external heat flux is nil such that the boundary condition is given by:
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The boundary condition at z =  Z4 adjacent to the thermal management system includes the external heat flux due to convection:



−k



  dT cell (Z 4) = h ∞ T cell (Z 4) − T ∞   dz



(13)



where surface recombination is neglected due to the large thickness of the cell46. Solution of the energy equation provides an updated temperature of the cell. The radiative, electrical and thermophysical properties of the cell, given in Ref. 25, are then calculated at the updated cell temperature. Note that the temperature-dependent dielectric function of the cell is calculated from the model Scientific Reports | 5:11626 | DOI: 10.1038/srep11626



10



www.nature.com/scientificreports/ proposed by Adachi47 for E ≥  Eg.; for E  























des documents recommandant







[image: alt]





Surface Reconstruction by Propagating 3D Stereo Data in Multiple 2D 

1 Introduction ... surface location with great precision â€“ especially its zero-mean normalized ... achieved through a new and innovative propagation framework controlled by 2D ... as addressed in [5,25,15] in which only 2D images are used without a










 


[image: alt]





Confocal microscopy of geometrically frustrated hard ... - sfmu2007 

Confocal microscopy has been used to study the crystallization of two colloidal model systems ..... J.P. Hirth, J. Lothe, Theory of dislocations, 2nd edn. (Wi-.










 


[image: alt]





Near-field Analysis of Superluminally Propagating 

much smaller than the wave propagation time, thereby making the information speed only .... can be determined by setting the phase part of the field to zero,.










 


[image: alt]





Experimental Evidence of Near-field Superluminally Propagating 

2 Theoretical expectations from electromagnetic theory. 2.1 Electromagnetic theoretical .... Note that zero slope on this curve would indicate an ..... electrical field near the source (less than 0.6 ) is at least an order of magnitude. First data po










 


[image: alt]





Potential Agriculture and Agri-food Business and Economic Impacts of 

31 mars 2005 - Potential Agriculture and Agri-food Business and Economic Impacts of ...... To sign a contract to grow a HO canola a producer must expect a net return per acre equal to, or ..... Source: USDA, AAFC, and the Bank of Canada.










 


[image: alt]





Parametrization and smooth approximation of surface 

f(ui,vi) for some unknown C1 function f :R2 â†’ R, it is usual to approximate f by a spline function g :R2 ..... triangular patches or radial basis functions is desirable.










 


[image: alt]





Simultaneous surface acoustic wave and surface plasmon 

Sep 8, 2003 - properties variations, to identify physical properties of protein layers, and more ... estimates of the bound mass and dielectric surface properties.










 


[image: alt]





Social Impacts of the Asian Crisis: Policy Challenges and ... - CiteSeerX 

macroeconomic policies such as fiscal, monetary, and exchange rate .... In Indonesia, the disagreement over the currency board proposal struck ... risk trade-off, financial intermediaries and business enterprises alike ventured upon whatever.










 


[image: alt]





Social Impacts of the Asian Crisis: Policy Challenges and ... - CiteSeerX 

in building social safety nets in Asia are also discussed. ...... the expenditure for education and health care that has a significant effect on human capital formation ...... -208. -203. -258. -232. -399. -1397. Chile. Change in reserves. -1742. -93










 


[image: alt]





Propagating Plants with Cuttings 

time except winter, when they go dormant or are killed by frost. Semi-hardwood cuttings are more mature but are not woody. Many woody plants are propagated ...










 


[image: alt]





Impacts of gene flow and logging history on the 

extracted using standard auto-correlation tools (Hardy & ..... Computation of the statistics and randomization pro- .... (age â‰¥ 110 years) with d.b.h. â‰¥ 37 cm.










 


[image: alt]





Social Impacts of Financial and Economic Crisis in Thailand By 

These effects from currency depreciation soon spread to other Asian ... The linkages of the economic crisis to social effects are as follows - the exchange rate changes ... business operations experienced difficulties in accessing credit and in debt 










 


[image: alt]





Impacts météoritiques 

débris provenant de la Lune sont plus nombreux à se consumer dans l'atmosphère terrestre. ❒ b) Au cours de ces périodes, la Terre croise l'orbite des comètes ...










 


[image: alt]





Relative contribution of surface mass balance and ice flux 

drawback of their method is the difficult transferability to other glaciers that may not present a ...... The Cryosphere Discussion, 5, 3025-3051. Hubbard, A. and ...










 


[image: alt]





The Surface Rupture and Slip Distribution of the 17 ... - CiteSeerX 

connecting normal fault had an 8 m high relic scarp, sug- gesting occurrence at least three previous events besides the. 1999 event. The two ends of the surface ...










 


[image: alt]





Environmental impacts of PV electricity generation .fr 

Research Institute for Sustainable Development and Innovation. Cd emissions. Comparison between energy supply options. Fthenakis and Kim, 2006. 0.8. 0.9.










 


[image: alt]





Combined surface acoustic wave and surface plasmon ... - J.-M Friedt 

Mar 20, 2016 - intimately associated to the layer organization, like sorbent-bound water and ..... 2 in which the reflected intensity vs. angle curve is displayed, the periodic ..... Table 1: Summary of the results extracted from simultaneous SAW ...










 


[image: alt]





Surface loving and surface avoiding modes - Nicolas COMBE 

Especially, the dephasing of the superlattice compared to its surface is a key parameter. We exhibit two kind of modes: Surface Avoiding and Surface Loving ...










 


[image: alt]





Seismic activity and surface motion of a steep ... - Jerome Faillettaz 

Aug 28, 2008 - were only followed twice by a large-extent break-off episode ... Several studies have shown that glaciers can generate .... 2. Description of the method to determine surface motion. ..... 6. (a, b) Two examples of seismic events, corre










 


[image: alt]





Specific surface area, density and microstructure of frost flowers 

Their density is 0.02 g/cm3. ... Simpson, and K. Severin (2005), Specific surface area, density .... additional water vapor and the bumps as nucleation site.










 


[image: alt]





Chapter 2: Mathematics of Space and Surface Grid Generation 

Elliptic Grid Equations in Flat Spaces â€¢ Elliptic Grid Equations ... encountered in aeronautical engineering made the method of grid ... general coordinate system xi , i = 1, 2, 3, in E3 and assuming the functions. (2.2a) ...... Almost all of the u










 


[image: alt]





Positive versus negative environmental impacts of tree 

to chemical analysis to measure variables linked to grass quality. Total nitrogen ... measured using a digital data system isothermal CP500 bomb calorimeter.










 


[image: alt]





Models of belief functions - Impacts for patterns 

Keywords: Continuous belief functions, least commit- ment ... He proposes to put basic belief assignement .... 2.2 Isopignistic set and minimal commitment.










 


[image: alt]





Coupled estimation of surface heat fluxes and vegetation dynamics 

in surface properties such as topography, soil moisture, vegetation cover, etc. ... and LST measurements to surface evaporation [Gillies et al., 1997; Sandholt et ...










 














×
Report Impacts of propagating, frustrated and surface





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



