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Radiative Thermal Transistor

Developing thermal analogues of field-effect transistor could open the door to a low-power and even zero-power communication technology working with heat rather than electricity. These solid-sate devices could also find many applications in the field of active thermal management in numerous technologies (microelectronic, building science, energy harvesting/conversion…). Recent theoretical works has suggested that a photonic transistor made with three terminals can in principle be used to switch, modulate, and even amplify heat flux through exchange of thermal photons. Here, we report an experimental demonstration of thermal transistor effect using a non-contact system composed by a temperature-controlled metal-insulator-based material interacting in far-field regime with two blackbodies held at two different temperatures. We demonstrate that, with a tiny change in the temperature of the active layer, the heat flux received by the cold blackbody can be drastically modified. An amplification parameter of heat flux over 20 is reported.

The transistor introduced by Bardeen and Brattain 1 is a key element of modern computer technology which has revolutionized our daily life. Due to its unique capabilities to control and amplify an electric current, this element is the cornerstone of any electric logic circuit [START_REF] Koezuka | Field-Effect Transistor with Polythiophene Thin-Film[END_REF] . Thermal counterparts of such device which make possible the control of heat flow in a similar way as electric currents in transistor are not as widespread today. However, in 2006, Li et al. [START_REF] Li | Negative differential thermal resistance and thermal transistor[END_REF] have proposed a thermal analog of field effect transistor (FET) to achieve such a control exploiting acoustic phonons transport in interconnected nonlinear solid elements under the action of a temperature gradient, opening so the way to information treatment with heat [START_REF] Wang | Thermal Logic Gates: Computation with Phonons[END_REF][START_REF] Wang | Thermal Memory: A Storage of Phononic Information[END_REF] . However, these solid phononic devices suffer from some weaknesses of fundamental nature which intrinsically affect their performances. Among them, the speed of sound in solids naturally reduces the operating speed of these systems. To overcome this issue, a radiative transistor has been proposed in 2014 by Ben-Abdallah and Biehs [START_REF] Ben-Abdallah | Near-Field Thermal Transistor[END_REF] exploiting heat carried by thermal photons rather than by phonons. The radiative thermal transistor (RTT) consists of three parts, a solid source, a drain and a gate, in analogy to a conventional FET. The source and drain are made of polar materials which are held at different temperatures to create a temperature gradient. The source, which is hotter than the drain, emits thermal photons which transfer heat to the drain through the gate. This photonic transistor employs a material for the gate which undergoes a phase transition around a critical temperature. By operating around this temperature, the gate can switch from a dielectric (insulator) behavior at low temperature to a metallic (conductor) behavior at high temperature. By slightly raising the temperature of the gate beyond the critical temperature, a negative differential resistance [START_REF] Li | Negative differential thermal resistance and thermal transistor[END_REF] (NDTR) appears in the system giving rise to an amplification of heat flux received by the drain, the so-called thermal transistor effect. Thereafter, different versions of radiative transistors with improved controllability or performances have been proposed and theoretically studied [START_REF] Joulain | Modulation and amplification of radiative far field heat transfer: Towards a simple radiative thermal transistor[END_REF][START_REF] Ben-Abdallah | Contactless heat flux control with photonic devices[END_REF][START_REF] Prod'homme | Optimized thermal amplification in a radiative transistor[END_REF][START_REF] Ordonez-Miranda | Transistorlike Device for Heating and Cooling Based on the Thermal Hysteresis of VO 2[END_REF][START_REF] Prod'homme | VO2-based radiative thermal transistor with a semi-transparent base[END_REF][START_REF] Chen | Non-contact thermal transistor effects modulated by nanoscale mechanical deformation[END_REF][START_REF] Moncada-Villa | Normal-Metal--Superconductor Near-Field Thermal Diodes and Transistors[END_REF] , mostly incorporating phase change materials (PCMs). In parallel, the strong temperature dependence of PCMs has been used to rectify heat flux in two terminal systems and to generate bistable thermal states in multi-terminal systems, allowing so the development of thermal diodes [START_REF] Moncada-Villa | Normal-Metal--Superconductor Near-Field Thermal Diodes and Transistors[END_REF][START_REF] Van Zwol | Phonon polaritons enhance near-field thermal transfer across the phase transition of VO 2[END_REF][START_REF] Ben-Abdallah | Phase-change radiative thermal diode[END_REF][START_REF] Ito | Experimental investigation of radiative thermal rectifier using vanadium dioxide[END_REF][START_REF] Ghanekar | High-rectification near-field thermal diode using phase change periodic nanostructure[END_REF][START_REF] Ghanekar | Near-field thermal rectification devices using phase change periodic nanostructure[END_REF][START_REF] Fiorino | A Thermal Diode Based on Nanoscale Thermal Radiation[END_REF][START_REF] Forero-Sandoval | VO 2 Substrate Effect on the Thermal Rectification of a Far-Field Radiative Diode[END_REF] and thermal memories [START_REF] Kubytskyi | Radiative Bistability and Thermal Memory[END_REF][START_REF] Dyakov | Near field thermal memory based on radiative phase bistability of VO 2[END_REF][START_REF] Ito | Multilevel radiative thermal memory realized by the hysteretic metal-insulator transition of vanadium dioxide[END_REF] as well as thermal logic gates [START_REF] Ben-Abdallah | Towards Boolean operations with thermal photons[END_REF][START_REF] Kathmann | Scalable radiative thermal logic gates based on nanoparticle networks[END_REF] . However, to date, no experiment has ever been carried out to demonstrate the reality of radiative thermal transistor effect, the lack of experimental results being probably related to the difficulty to characterize heat exchanges in a many-body thermophotonic system [START_REF] Biehs | Near-field radiative heat transfer in many-body systems[END_REF][START_REF] Latella | Smart thermal management with near-field thermal radiation [invited[END_REF] . Here we report an experimental study of a photonic thermal transistor working in far-field regime.

Results

Three-terminal system and radiative heat exchanges

The investigated system is sketch in Figure 1 beside a classical electric FET. It is made with a composite gate, 4mm thick, made with two vanadium dioxide (VO 2 ) films covering silica substrates sandwiching a thin metallic heater. The VO 2 is a metal-insulator transition (MIT) material [START_REF] Barker | Infrared Optical Properties of Vanadium Dioxide Above and Below the Transition Temperature[END_REF][START_REF] Qazilbash | Mott Transition in VO2 Revealed by Infrared Spectroscopy and Nano-Imaging[END_REF][START_REF] Qazilbash | Infrared spectroscopy and nano-imaging of the insulator-to-metal transition in vanadium dioxide[END_REF] which undergo a first-order phase transition around the critical temperature T c = 340 K. This gate is intercalated between a source (hot body) and a drain (cold body) which are two thermostats made with bulk solids coated with a black paint with an emissivity close to unity in the infrared range. Therefore, these thermostats behave like two blackbodies. The temperature T 1 is set by Joule effect throughout an inner metallic layer, while T 3 is kept at a constant temperature identical to the ambient by adhering to the vacuum chamber wall. By applying a 'bias' temperature T 2 on the gate, the flow of heat Q 1 lost by the source or the flow Q 2 received by the drain can be dynamically controlled. The whole system itself is in interaction with the surrounding environment at temperature . Each part of the system exchanges heat by radiation with this external bath and by conduction through the electric wires. The experiments being carried out in a high vacuum (

), convective exchanges are negligible. Moreover, the whole system is suspended in order to suppress any direct heat exchanges with a substrate. In the experimental platform, the three terminals system has identical exchange surfaces (1010 mm 2 ) and the adjacent blocks are separated by a vacuum gap 0.5mm thick, a thickness which guaranties that heat exchanges take place in far-field regime and that the geometrical view factors between exchange surfaces are close to unity (Supplementary material, section I). Moreover, heat flux exchanges by radiation with the surrounding environment are negligible in comparison with that between the blocks of RTT. When the gate thickness is larger than the penetration depth of electromagnetic waves in the infrared, the gate can be considered as an opaque medium so that the source and the drain interact only with the gate. In these conditions, the heat flux exchanged by radiation between these blocks read, where  denotes the Stefan-Boltzmann constant and  is the spectral average emissivity of the gate which is temperature dependent. It follows that the net radiative flux received the gate writes

The sign of Q 3 can be either positive (heating) or negative (cooling) depending on the temperature of terminals. In steady state regime and without external heat source applied on the gate and the gate stabilizes at the equilibrium temperature

Operating modes of transistor

To get an operating transistor, T e must be set in the vicinity of the critical temperature T c of MIT so that a small perturbation of the gate temperature can trigger the phase transition of this material and consequently significantly modify the heat flux flowing through the transistor. The source and drain being blackbodies, the variation of this flux in the transistor is simply driven by the emissivity difference of the gate between the situation where the MIT material is insulating and the situation where it is metallic. This amplitude has been maximized by optimizing the thickness d of VO 2 film deposited on the SiO 2 substrate. For assessing this variation, the dielectric properties of VO 2 have been first accurately measured and compared to data coming from the literature 28 (Supplementary material, section II). In the transition region between the purely dielectric and the purely metallic phase, the dielectric properties of VO 2 film are described from the Looyenga mixing rule [START_REF] Looyenga | Dielectric constants of heterogeneous mixtures[END_REF][START_REF] Rensberg | Active Optical Metasurfaces Based on Defect-Engineered Phase-Transition Materials[END_REF][START_REF] Wan | On the Optical Properties of Thin-Film Vanadium Dioxide from the Visible to the Far Infrared[END_REF] . As for the optical constant of silica substrate, we used the database coming from the literature [START_REF] Tan | Determination of refractive index of silica glass for infrared wavelengths by IR spectroscopy[END_REF][START_REF] Kitamura | Optical constants of silica glass from extreme ultraviolet to far infrared at near room temperature[END_REF] . Regarding the spectral average emissivity of the gate, it is related to spectral emissivity   as follows:

where is the blackbody radiation intensity at temperature T and wavelength .

The design of RTT, its fabrication and its radiative characterization are detailed in sections III and IV of Supplementary material. An optimal thickness of 300nm for the VO 2 film has been chosen in order to maximize the radiative switch induced by the phase transition of this material. With this geometric configuration an emissivity contrast between the two phases of  ~ 0.5 can be achieved. The measurement of the gate emissivity with respect to its temperature have demonstrated the hysteric behavior of the gate around the critical temperature of VO 2 , the phase transition of VO 2 film starting at = 340.4 K and being fully achieved at 350 K. To describe the operating regimes of transistor we show in Figure 2(a) the measured (symbols) heat flux Q 1 , Q 2 and Q 3 of transistor with respect to the control temperature T 2 of the gate when T 1 = 357.7 K and T 3 = 298.1 K. The methods used for these measurements, including calibration of transistor are described in details in section V of Supplementary material. These measures are compared with the theoretical predictions, plotted in dashed lines, and clearly demonstrate a good agreement with them. For the investigated configuration, the equilibrium temperature which corresponds to the temperature of the gate at the intersection of Q 1 (T 2 ) and Q 2 (T 2 ) curves, is , a temperature which is smaller than the critical temperature T c =340 K of MIT material. By increasing T 2 by less than 10 degrees the transistor operates in the transition of MIT material. In this region, the net flux curves Q 3 (T 2 ) shows two extrema values at T p1 = 345 K and T p2 = 349 K. Between these two temperatures, the slope of Q 1 (T 2 ) and Q 2 (T 2 ) curves are both negative demonstrating so the presence of a radiative NDTR [START_REF] Zhu | Negative differential thermal conductance through vacuum[END_REF] (see inset of Fig. 2(a)). Analogously to its electronic counterpart, this feature is at the origin of transistor effect.

In a similar way to FET, the RTT can act as a switch, a modulator or an amplifier. These functionalities are described below. Thermal switching. The transistor can act like a good heat conductor or an insulator depending on the gate temperature T 2 . Following the conventional definition [START_REF] Zhu | Negative differential thermal conductance through vacuum[END_REF] , when the flux received by the drain is minimal, the transistor is said to operate in a "off" mode. On the opposite, when this flux reaches its maximal value, the transistor operates in "on" mode. This, switch between the "on" and "off" modes takes place (see Fig. 2(a)), in the transition region, when the gate temperature goes from T 2 = T 2,max to T 2 = T 2,min , T 2,max and T 2,min being the gate temperatures leading to a minimal and maximal value of Q 2 . Between these two temperatures, the transistor is "semi-on". For our device, the heat flux Q 1 and Q 2 are reduced by 110.8 and 92.2 W/m 2 respectively through this switching operation with a tiny change of the gate temperature. If this temperature varies is beyond or below the transition region, then according to the non-monoticity of flux curves with respect to T 2 , the gate follows a hysteric trajectory during its heating and cooling process. By analogy with the FET, the switching ratio for the transistor is defined by the parameter

The calculations indicate that is inversely proportional to the variation of the gate temperature (i.e.

 T 2 -1 ,
being the temperature interval where the phase-transition takes place) with a proportionality factor equals to the dielectric-to-metallic emissivity ratio (i.e.  =  d / m ). The results plotted in Fig. 2(a), lead to switching ratio  1 = 14.3 and  2 = 1.7, corresponding to a power variation received by the drain of the order of 20 W/m 2 when T 1 = 351.7 K and T 3 = 298.1 K. Notice that this on/off ratio is significantly larger than the previously reported values in phononic thermal switchs [START_REF] Cho | Electrochemically tunable thermal conductivity of lithium cobalt oxide[END_REF][START_REF] Kang | Ionic Intercalation in Two-Dimensional van der Waals Materials: In Situ Characterization and Electrochemical Control of the Anisotropic Thermal Conductivity of Black Phosphorus[END_REF] . Moreover, with our radiative device, the switching time can in principle be relatively small. Although, the phase transition of VO 2 can take place at sub-picosecond scale [START_REF] Qazilbash | Mott Transition in VO2 Revealed by Infrared Spectroscopy and Nano-Imaging[END_REF][START_REF] Rini | Photoinduced phase transition in VO 2 nanocrystals: ultrafast control of surface-plasmon resonance[END_REF][START_REF] Yang | Oxide Electronics Utilizing Ultrafast Metal-Insulator Transitions[END_REF] , the thermal inertia intrinsically limits the operating speed of transistor. With macroscopic system, this timescale is typically of the order of the second. But this time can reduce to few milliseconds with nanostructures and could even be much smaller with two-dimensional materials [START_REF] Yu | Ultrafast radiative heat transfer[END_REF] .

Thermal modulation. Thermal modulation can be achieved with the RTT by oscillating the gate temperature around the phase transition region. Note that while the variation of the heat flux remains relatively small under the action of this oscillation (Fig. 2(a)), the heat flux Q 1 and Q 2 can be intensely modulated by setting (a much larger modulation can even be realized in near-field regime [START_REF] Joulain | Modulation and amplification of radiative far field heat transfer: Towards a simple radiative thermal transistor[END_REF] ). The measured results indicate that our transistor can modulate the heat flux Q 1 and Q 2 with a relatively large amplitude, over 100 W/m 2 with a 10K temperature change of the gate. This variation corresponds to the change of flux radiated by a blackbody when its temperature goes from to with .

Thermal amplification. The heat flux amplification associated to the transistor can be quantitatively evaluated by the two parameter [START_REF] Wang | Thermal Logic Gates: Computation with Phonons[END_REF][START_REF] Joulain | Modulation and amplification of radiative far field heat transfer: Towards a simple radiative thermal transistor[END_REF] :

where and denote the differential thermal resistances between the source and the gate and between the gate and the drain. It turns out, according to expression (8), that the existence of a transistor effect (i.e., α 1,2 > 1)

requires the presence of a NDTR. It is worthwhile to note that the rhs of expression (8) shows that this condition is necessary but it is not sufficient to guaranty the presence of transistor effect. The variation of the RTT amplification factor is plotted in Fig. 2(b) under different operating temperatures. When is set outside the phase transition region we see in Fig. 2(a) that the Q 1 (T 2 ) and Q 2 (T 2 ) curves have slopes with an opposite sign and the same absolute value. It turns out that, R 1 = R 2 and α 1,2 = 0.5. On the other hand, inside the transition region, these curves have negative slopes so that R 1 > 0 and R 2 < 0. In Fig. 2(b) we see that α 1,2 > 1. In particular, when T 1 = 351.7 K and T 3 = 298.1 K two prominent peaks of amplification appear with a magnitude α 2 = 17.5 and α 2 = 22.6 respectively at T 2 = 346 K and T 2 = 349 K, two temperatures which are very close to the temperatures where Q 3 passes through its extremal values as shown in the inset of Fig. 2(a). This behavior can be analytically described from expression (8) using the definitions (1-3) of flux Q i written with respect to the gate and equilibrium temperatures. It is then straightforward to show that the operating temperature T 2 which maximize the amplification factor satisfies the following equation 10 :

where . Therefore, given an equilibrium temperature T e (set by the two thermostats temperatures T 1 and T 3 ). the 'bias' temperature which maximizes the amplification factor can be identified by solving this equation. However, due to the bistable behavior of the system, as shown in Fig. 2(b), this solution is not unique. In our experiment, for T e = 331.9 K these solutions are T 2 = 343.9 K and 350.3 K.

A complete description of physical characteristics of RTT with respect to the input temperatures has been carried out. The results are plotted in Figs. 3(a)-3(d). In Fig. 3(a), the amplification coefficient  2 of transistor (i.e. amplification of flux received by the drain) is mapped with respect to T e and T 2 when the cold thermostat is set at T 3 = 300 K. We observe on this plot that this coefficient can be about four orders of magnitude ( ) larger than the net flux injected in the gate in specific operating zones, showing so the potential of such RTT to operate with weak flux. Moreover, we see that this coefficient can be drastically modified by tiny changes on the gate temperature. This demonstrates that by working in narrow temperature range we can easily modulate or amplify the flux received by the drain. Moreover, for such transistor we see from Figs. 2(a), 3(b) and 3(c), that the transistor effect becomes prominent mainly when . Beyond the critical temperature of MIT material, the flux amplification tends to disappear as shown in Fig. 3(d). This evolution is directly related to the change of differential thermal resistances with respect to the gate temperature. As show the comparison of flux curves plotted in Figs. 3(b) and 3(c), the slope of the curve strongly increases with the source temperature while the slope of is relatively insensitive to it in the region where the phase transition takes place. It turns out that increases with while remains approximately constant. This evolution of differential resistances induces, according to (8), a decrease in the amplification coefficient. Fig. 3(a) also clearly shows the existence of two possible optimal values for the gate temperature that maximizes the transistor effect, given or . This property which is due to the temperature dependence of the gate emissivity is rarely observed in electronic FETs.

Amplification of heat flux with a positive differential emissivity

Inspection of expression (8) shows that the transistor effect can also be observed in a system which displays both a negative resistance and a positive resistance . This can actually come true with a gate made with a VO 2 -based metasurface. This metasurface is schematically drawn in Fig. 4(a). It is composed on the top by VO 2 circular pellets (radius r = 0.85 μm, thickness h 2 = 0.2 μm) arranged in square periodic lattice of period p = 3 μm. This lattice is deposited on a highly-doped silicon layer of thickness h 1 = 0.8 μm which itself covers a gold layer (h 0 = 0.5 μm) which can be used to control the gate temperature. The optical response of the metasurface is calculated using a finite-element method [START_REF] Jia | Far-field radiative thermal rectifier based on nanostructures with vanadium dioxide[END_REF] and its emissivity, plotted in red in Fig. 4(b) with respect to the temperature, is calculated using the Kirchhoff's law. As previously, in the phase-transition region, the Looyenga mixing rule is used to calculate this emissivity. Unlike the gates made with VO 2 films (blue curves in Fig. 4(b)), such a structure gives rise to high mean emissivity at low temperature when the MIT material is in its dielectric phase and to a weak emissivity at high temperature when VO 2 becomes amorphous. It turns out an inversion of the sign of differential thermal resistances of RTT made with this gate in comparison with a transistor made with a film of VO 2 . This change is clearly visible in Fig. 4(c) when T 1 = 380 K and T 3 = 300 K. One of the advantages of this type of transistor is that it can operate at lower temperature, making so wider the range of temperatures where the transistor effect can be used using a given MIT material. The full characteristics curve of this transistor is plotted in Fig. 4(d). In a similar way as for the transistors based on VO 2 -flms, this map shows that this transistor can achieve a strong heat flux amplification. But unlike the formers, we see that this transistor works by cooling down the gate, the equilibrium temperature being greater than (see Fig. 4(c)).

Discussion

In summary, we have experimentally analyzed a far-field radiative thermal transistor and highlighted its basic operating modes demonstrating so the versatility of these multi-terminal elements to switch, modulate or amplify heat flux. The thermal transistor effect has been unambiguously demonstrated and an amplification factor of flux greater than 20 has been measured. We think that this building block paves the way to a new generation of devices for active thermal management, to innovative wireless sensors using heat as a primary source of energy and to a 'low-electricity' technology enabling information processing. In these devices, the infrared emission coming from various systems (people, machines, electric devices…) which results from dissipating processes could be captured by thermal transistors to launch a sequence of logical operations in order to control the heat propagation, to trigger specific actions (thermo-mechanical coupling with MEMS, thermal energy storage…) or even process information (Boolean treatment of heat). This technology, could provide a new degree of freedom in the direct interaction of machines and smart systems with their environment using thermal signals, ideally without external electricity supplying. By embedding pervasive intelligence and sensing based on purely thermal signals into machines, a higher level of awareness and automation could be implemented in a near future. Hence, the development of thermal circuits could open the door to a lower-power technology for the Internet of Things by allowing machine-to-machine communication with heat.

Fig. 1 Sketch of field effect transistor and radiative thermal transistor. (a) A FET is a three-terminal system composed by a source, a gate and a drain which correspond to the emitter, base, and collector of electrons, respectively. By applying an external bias voltage V G on the gate, the electric current I D flowing between the source and the drain can be switched, modulated or amplified. (b) A RTT is composed with a solid layer made with a phase-change material and which is placed between two thermal emitters held at different temperatures T 1 and T 3 at a separation distance which is much larger than their thermal wavelength. By changing the temperature T 2 of the gate around the critical temperature of PCM using external heaters (electrodes), the heat flux Q 1 (resp. Q 2 ) exchanged by radiation between the source and the gate (resp. between the gate and the drain) can be switched, modulated, and even amplified. (c) Photo of experimental setup. 

Fig. 2

 2 Fig. 2 Characteristic curves of thermal transistor. (a) Measured (symbols) and calculated (dashed lines) internal radiative heat flux Q 1 (resp. Q 2 ) between the source and the gate (resp. between the gate and the drain) and the net flux Q 3 on the gate from the gate when T e < T c1 . The dashed vertical lines, identified by emissivity measurement, represent the region where the phase transition occurs. This region is enlarged in the inset. (b) Amplification factors  1,2 of transistor when the temperature of the source and drain are held at T 1 = 351.7K and T 3 = 298.1K, respectively. In the transition region,  1,2 >1 owing to the presence of a negative differential thermal resistance R 2 . The existence of two solutions is related to the bistability of transistor.

Fig. 3

 3 Fig. 3 Influence of input temperatures on physical characteristics of RTT. (a) Mapping of amplification factor  2 with respect to T e and T 2 when T 3 = 300 K. Note  2 takes a logarithmic scale. (b, c) Measured (symbols) and calculated (dashed lines) heat flux (top) and the corresponding amplification factors  1,2 (bottom) as a function of T 2 when T e ≈ T c1 and T e > T c1 , respectively. (d) Maximum measured value  2,max of amplification factor for different equilibrium temperature T e .

Fig. 4

 4 Fig. 4 Thermal transistor based on a gate with positive differential thermal emissivity. (a) Schematic representation of the metasurface (upper) used to design the gate and transistor (lower). (b) Spectral average emissivity of the metasurface (red) and of a VO2 film (blue) with respect to the temperature. Dashed curves show the derivative of emisivities with respect to the temperature.(c) Heat flux exchanged in the transistor with respect to the gate temperature when T e  346.9 K. The inset details the region where . (T p1 = 326.3 and T p2 = 338.1 K). (d) Mapping of amplification factor  2 with respect to T e and T 2 when T 3 = 300 K.
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