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Nanoscale Thermal Transport in Vertical Gateall-around Junction-less Nanowire Transistors-Part II: Multiphysics Simulation



Abstract-Today, extensive research has focused on heat propagation in emerging nanoelectronic devices. With advances in fabrication of nanowire transistors, thermal management has become a critical issue in cooling strategies and conducting materials. In this paper, we present a novel multiphysics analysis of the nanoscale thermal transport in 18 nm vertical junctionless gate-allaround silicon nanowire transistors. Based on this multiphysics analysis, we developed a new computational model derived from the Guyer-Krumhansl equation for describing heat transport within the nanoscale device. Our simulations results agree well with available theoretical approaches as well as measurement data.

Index

Terms-Junctionless nanowire transistors, nanoscale thermal transport, Guyer-Krumhansl equation (GKE), thermal resistance, heat dissipation.

I. Introduction

UE to miniaturization of device dimensions, metal-oxidesemiconductor field-effect transistors (MOSFETs) continue to scale down to sub-20 nm technology nodes [START_REF] Gundu | 5-nm Gate-All-Around transistor technology with 3-D stacked nanosheets[END_REF]. In modern transistors, the charge density within the channel region is mostly controlled by a gate electrode rather than the source/drain junctions. As most of the CMOS transistors are still manufactured based on the fabrication process for drain and source junction alignment, high doping concentration is regarded as a major technological challenge for the semiconductor industry [START_REF] Kim | Investigation of device performance of fin angle optimization in FinFET and Gate-All-Around FETs for 3 nm-node and beyond[END_REF]. Both planar FETs, such as fully depleted (FD), and nonplanar FETs (e.g., FinFETs), suffer from self-heating effects (SHEs) due to intrinsic resistive scattering and random dopant fluctuations [START_REF] Sudarsanan | Impact of fin line edge roughness and metal gate granularity on variability of 10-nm node SOI n-FinFET[END_REF]. In contrast, junctionless nanowire transistors (JLNTs) can be fabricated without requiring steep gradients in doping concentration, and are therefore suitable for reducing the impact of SHE [START_REF] Ionescu | Nanowire transistors made easy[END_REF]. Moreover, JLNTs devices can be scaled down to 14 nm technology node satisfying Moore's law [START_REF] Larrieu | Vertical nanowire array-based field effect transistor for ultimate scaling[END_REF][START_REF] Colinge | Nanowire transistors without junctions[END_REF][START_REF] Mukherjee | Compact modeling of 3D vertical junctionless gate-all-around silicon nanowire transistors towards 3D logical design[END_REF]. Therefore, the emerging vertical gate-all-around (GAA) JLNTs technologies have the potential to offer long-term reliability and enhanced thermal stability.

At the nanoscale, thermal management has drawn significant interest owing to its increased physical presence in small dimensional systems [START_REF] Moore | Emerging challenges and materials for thermal management of electronics[END_REF][START_REF] Shakouri | Nanoscale thermal transport and microrefrigerators on a chip[END_REF][START_REF] Das | Opportunities in device scaling for 3-nm node and beyond: FinFET versus GAA-FET versus UFET[END_REF]. Moreover, next generations transistors are expected to feature very small channel regions, making the analysis of the thermal phenomena a significantly important technological factor [START_REF] Moore | Emerging challenges and materials for thermal management of electronics[END_REF]. Therefore, to fully anticipate the physical behavior of these emerging devices, understanding of nanoscale heat transport has become imperative, especially for controlling thermal energy with the development of nextgeneration transistors [START_REF] Shakouri | Nanoscale thermal transport and microrefrigerators on a chip[END_REF]. In modern semiconductor manufacturing process, characteristic lengths have already reached 20 nm and below [START_REF] Das | Opportunities in device scaling for 3-nm node and beyond: FinFET versus GAA-FET versus UFET[END_REF]. Therefore, thermal analyses at nanoscale could offer several strategies to optimize heat propagation and improve device lifetime. In classical regime, Fourier's law has long been used to describe the heat response of bulk materials at equilibrium state (diffusive regime) [START_REF] Fourier | Théorie analytique de la chaleur[END_REF]. In small dimensional semiconductor systems (i.e., sub-20 nm), when the characteristic length becomes comparable to the average mean free path (MFP) of the phonons, which are the major heat carriers [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF], the classical Fourier's law fails to predict the thermal transport [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF][START_REF] Lee | Ballistic phonon transport in holey silicon[END_REF][START_REF] Know | Thermal transport in Si and Ge nanostructure in the 'confinement' regime[END_REF]. As the size of the transistor reduces, boundary effects become more significant which influences the thermal conductivity. In most cases, phonon boundary scattering causes a large reduction of the thermal conductivity. Indeed, in nanoscale dimensions, the heat flux can propagate within a nanowire structure without heating the device in the event of ballistic transport [START_REF] Lee | Ballistic phonon transport in holey silicon[END_REF]. In general, nanoscale heat transport can be described by the phonon Boltzmann transport equations (BTE). Due to the complexity of the nanotransistors geometries, several analytical solutions of BTE are available with respect to extended irreversible thermodynamics (EIT) [START_REF] Jou | Extended Irreversible Thermodynamics[END_REF].

In emerging nanoelectronics, the efficiency of heat spreading is directly related to the thermal conductivity and interfacial energy transport. Particularly, low thermal conductance can lead to small thermal conductivities due to the phonon confinement near the interface between two different materials [START_REF] Anufriev | Quasi-ballistic heat conduction due to Lévy phonon flights in silicon nanowires[END_REF]. For nanoscale transistors, high thermal conductivity materials are therefore desirable in order to reduce the SHEs and thermal degradation [START_REF] Lai | Study on degradation mechanisms of thermal conductivity for confined nanochannel in Gate-All-Around silicon nanowire field-effect transistors[END_REF]. To study the phonon dynamics in D these devices, accurate models for the prediction of heat propagation are thus crucial compared to empirical models with fitting parameters. A first approach using a local equilibrium method based on the classical Fourier's law may lead to incorrect predictions about the heat propagation. Therefore, non-Fourier analyses based on mesoscopic methods are more suitable for investigating heat flow in small dimensional systems [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF][START_REF] Lee | Ballistic phonon transport in holey silicon[END_REF][START_REF] Beardo | Hydrodynamic heat transport in compact and holey silicon thin films[END_REF]. For instance, the Guyer-Krumhansl equation (GKE) was derived from the BTE based on the Chapman-Enskog expansion for the description of wavelike heat flow at low temperatures when phonon normal (N) scattering dominate [START_REF] Guyer | Thermal conductivity, second sound, and phonon hydrodynamic phenomena in nonmetallic crystals[END_REF]. Recently, the application of GKE has been demonstrated for probing non-Fourier heat transport at room temperature [START_REF] Beardo | Phonon hydrodynamics in frequency-domain thermoreflectance experiments[END_REF]. In the context of vertical nanowire transistors and in general for extremely small systems, GKE can thus be used to capture the phonon transport where confinement effects appear to be significant.

Following the experimental methods for studying electrothermal effects in JLNTs demonstrated in part -I of this work [START_REF] Mukherjee | Nanoscale Thermal Transport in Vertical Gate-allaround Junction-less Nanowire Transistors-Part I: Experimental Methods[END_REF], in this paper, we focus on nanoscale thermal transport in 18 nm JLNTs with a wide range of nanowire diameters and number of nanowires in parallel. We refer to the finite-element method for solving thermal transport equations. The present work offers a deeper understanding of nanoscale heat transport in emerging nanoscale systems. The paper is organized as follows: In the section II, we present the computational model and boundary conditions. In addition, we validate our proposed GKE based model by comparing the effective thermal conductivity of Si NWs with experimental data and theoretical models. Section Ⅲ describes the device geometry and test structures and discusses the validation of our proposed modeling framework by comparing the thermal resistance extracted using our model and measurement data from both of experimental JLNT and FinFET technologies. Finally, section IⅤ is devoted to conclusions and perspectives.

II. THEORETICAL BACKGROUND

A. COMPUTATIONAL MODEL

In order to predict the hydrodynamic phonon transport at low temperature, Guyer and Krumhansl proposed a solution to the linearized BTE for nonequilibrium heat transfer [START_REF] Guyer | Thermal conductivity, second sound, and phonon hydrodynamic phenomena in nonmetallic crystals[END_REF]. Many of the past works have focused on phonon hydrodynamics when both normal (N) and resistive (R) scattering processes have strong contributions to the physical origin of the heat response [START_REF] Beardo | Observation of second sound in a rapidly varying temperature field in Ge[END_REF]. In recent studies, the GKE was developed based on macroscopic hydrodynamic equation for nanoscale heat transport at room temperature [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF][START_REF] Rezgui | Investigation of nanoscale heat transport in sub-10 nm carbon nanotube field-effect transistors based on finite element method[END_REF] where most nanoelectronic devices commonly operate. The governing equations are the GKE and the energy-conservation equation, respectively [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF][START_REF] Lee | Ballistic phonon transport in holey silicon[END_REF][START_REF] Beardo | Hydrodynamic heat transport in compact and holey silicon thin films[END_REF] written as, 𝑞 𝜏 𝜅𝛻𝑇 ℓ 2𝛻𝛻. 𝑞 𝛥𝑞

𝑐 𝛻. 𝑞 0 (2) where 𝑞 is the heat flux, 𝜏 is the phonon relaxation time, 𝜅 is the bulk thermal conductivity, ℓ is the phonon MFP, 𝑐 is the heat capacity and T is the temperature. Equation (1) gives a simple analytical solution of the phonon BTE as well as a better understanding of non-Fourier heat-flow modeling. As device size decreases, non-local effects included in the Laplacian term 𝛥𝑞, become dominant. In general, the nonlocality of the heat flux gradient originates from the phonon-boundary scattering and confinement effects. According to the average phonon MFP, ℓ, heat transport regimes are classified into three regimes:

(1) ballistic regime (external boundary scattering); (2) quasiballistic regime and (3) bulk-like (diffusive) regime. In sub-30 nm silicon devices, ballistic transport governs heat flow, and it is expected that phonon-boundary scattering contributes to the reduction of the thermal conductivity [START_REF] Know | Thermal transport in Si and Ge nanostructure in the 'confinement' regime[END_REF]. For steady-state phonon transport, the GKE is expressed as 𝑞 𝜅𝛻𝑇 ℓ 𝛥𝑞 (3) The present GKE provides an enhanced formulation for investigating nanoscale heat transport beyond the classical Fourier's law.

B. Boundary conditions

At room temperature, slip boundary conditions is mandatory for the description of phonon transport in small dimensional materials [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF]. Particularly, two macroscopic mechanisms occur during non-equilibrium phonon distribution: (1) the tangential heat flux close to the boundary and (2) the noncontinuous temperature variation (i.e. temperature jump) due to phonon-boundary collision [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF]. Based on the Maxwell model, the slip boundary condition for the tangential heat flux at the boundary is given by [START_REF] Beardo | Phonon hydrodynamics in frequency-domain thermoreflectance experiments[END_REF] 𝑞 𝐶 ℓ∇𝑞 . 𝑛 (4) 𝑞 . 𝑛 0

(5) where, 𝑛 is the interface normal vector and 𝐶 is a constant which is expressed in terms of the specularity of the surface. In most cases, solving the GKE and slip boundary conditions requires an accurate value of the thermal conductivity, average mean free path and heat capacity that are obtained from microscopic approaches such as ab initio calculations. The computational model presented in this paper is described by the numerical scheme detailed in Fig. 1(a). Here, the GKE is solved based on the finite-element method (FEM) using COMSOL MULTIPHYSICS simulator [START_REF]COMSOL Multiphysics[END_REF]. For the steady state phonon transport, we consider that the nanowires are initially at a constant temperature, 𝑇 , and then one end of the nanowire comes in contact with the heat-source 𝑇 𝑇 ∆𝑇, where ∆𝑇 is the temperature difference as shown in Fig. 1(b). 

C. Effective thermal Conductivity: Model Validation

In nanodevices, where the characteristic lengths are comparable to the MFP, ballistic phonon transport leads to a critical dependence of size effects on the effective thermal conductivity [START_REF] Know | Thermal transport in Si and Ge nanostructure in the 'confinement' regime[END_REF]. For the heat flow through a nanowire with radius 𝑟, Eq. ( 3) can be rewritten as

𝑞 𝑟 𝜅 ℓ ℓ (6) 
The effective thermal conductivity (ETC), 𝜅 , is defined as [START_REF] Beardo | Phonon hydrodynamics in frequency-domain thermoreflectance experiments[END_REF] 𝜅 ∆ / [START_REF] Mukherjee | Compact modeling of 3D vertical junctionless gate-all-around silicon nanowire transistors towards 3D logical design[END_REF] Here Γ is the cross section, S is the surface area and 𝐿 is the distance between the two ends of the system. The classical Fourier's law of heat conduction can only predict thermal conductivity in bulk materials when the characteristic dimensions are larger than the phonon MFP. Here, we consider a Knudsen number defined as 𝐾𝑛 ℓ , where D is the diameter of the nanowire, to classify the nanoscale thermal transport within the nanowire [START_REF] Guo | Phonon hydrodynamics for nanoscale heat transport at ordinary temperatures[END_REF]. For 𝐾𝑛 1, ballistic transport dominates and the thermal conductivity is significantly influenced by the confinement effects. For 𝐾𝑛 1, the thermal conductivity increases due to enhanced boundary scattering (i.e. weak confinement effect). In diffusive regime (𝐾𝑛 ≪ 1), Eq. ( 6) reduces to the Fourier's law, 𝑞 𝑟 𝜅 . Fig. 2 shows the diameter dependence of normalized thermal conductivity in Si NWs with a phonon MFP, ℓ 300 𝑛𝑚, at 𝑇 300 𝐾. According to Kwon et al., [START_REF] Know | Thermal transport in Si and Ge nanostructure in the 'confinement' regime[END_REF], we assume fully diffusive boundary scattering, i.e.,𝐶 1, to achieve an accurate comparison with the theoretical and experimental results [START_REF] Know | Thermal transport in Si and Ge nanostructure in the 'confinement' regime[END_REF] (Fig. 2). Our proposed model displays a good prediction of experimental data for Si NWs down to 30 nm. From Fig. 2, we can distinguish between three distinct thermal transport regimes: (1) a ballistic regime where the phonon boundary/interface scattering leads to a significant reduction of the thermal conductivity; (2) a quasi-ballistic regime where we expect a Lévy flight due to trapped phonons in the Si NW; (3) a diffusive regime where the effective thermal conductivity reaches the bulk value (the Knudsen number is small enough with 𝐾 0.05). The GKE gives a consistent result with the theoretical predictions and experimental data. For further validation, the GKE is compared to experimental results [START_REF] Li | Thermal conductivity of individual silicon nanowires[END_REF] and the Callaway-Holland model derived from the first law of thermodynamics based on BTE for phonon distribution [START_REF] Marconnet | Phonon conduction in periodically porous silicon nanobridges[END_REF]. This is particularly useful for investigating the impact of the boundary scattering and size effects (i.e., diameter of the nanowire) on the thermal conductivity. GKE being an analytical solution of the BTE, we compared it with the Callaway-Holland model to justify the accuracy of our proposed framework in Fig. 3, which illustrates the thermal conductivity of Si NWs as a function of the NW diameter. It can be clearly observed that the present model agrees well with the theoretical Callaway-Holland model [START_REF] Marconnet | Phonon conduction in periodically porous silicon nanobridges[END_REF] and experimental data reported by Maire et al. [START_REF] Maire | Ballistic thermal transport in silicon nanowires[END_REF]. The thermal conductivity decreases in small diameters due to phonon confinement. As system dimensions reach the quantum regime, the effect of phonon/interface scattering leads to reduced ETC. In the next section, this computational model is applied for analyzing JLNTs devices.

III. RESULTS AND DISCUSSION

A. Non-Fourier heat transport

The 3D schematic view of the state-of-the-art JLNT technology under test is illustrated in Fig. 4 (a). The key feature of the fabricated JLNT is its gate-all-around structure that ensures enhanced electrostatic control of the current between 

D (nm)

Callaway-Holland model [START_REF] Marconnet | Phonon conduction in periodically porous silicon nanobridges[END_REF] Li et al. [START_REF] Li | Thermal conductivity of individual silicon nanowires[END_REF] Maire et al. [START_REF] Maire | Ballistic thermal transport in silicon nanowires[END_REF] Present GKE source and drain contacts. For the device under test, the gate is fabricated using chromium (Cr) that ensures better control of interfacial thermal transport within the nanowire and offers high thermal conductivity even at room temperature [START_REF] Beardo | Phonon hydrodynamics in frequency-domain thermoreflectance experiments[END_REF]. Moreover, the aluminum (Al) top, bottom and gate contacts are highly beneficial for ensuring weak thermal degradation at higher temperatures. In this work, the thermal properties of Al are obtained based on density functional theory (DFT) calculations with respect to BTE [START_REF] Jain | Thermal transport by phonons and electrons in aluminum, silver, and gold from first principles[END_REF]. Furthermore, a 5nm-SiO 2 gate dielectric is formed between the chromium gate and the Si nanowire channel as shown in Fig. 4 (b). Fig. 4 (c) shows the geometry of a highly p-doped single nanowire with a gate length of 18 nm leading to junctionless transition between S/D regions and the channel. More details of the technology can be found in [START_REF] Larrieu | Sub-15 nm gate-all-around field effect transistors on vertical silicon nanowires[END_REF][START_REF] Guerfi | Vertical silicon nanowire field effect transistors with nanoscale gate-all-around[END_REF]. To solve the thermal transport equations for this device configuration, the heat transport is coupled with the electrical characteristics. In this context, Eq. ( 2) is rewritten as

𝐶 𝛻𝑞 𝑃 (8) 
where 𝑃 is the dissipated power defined as 𝑃 𝑉 𝐼 [START_REF] Jiang | Experimental investigation of self heating effect (SHE) in multiple-fin SOI FinFETs[END_REF]. To extract the thermal resistance of the device, the heat flux can be obtained as 𝑞 𝜅 (9) The heat flux distribution is then given by 𝑞 [START_REF] Das | Opportunities in device scaling for 3-nm node and beyond: FinFET versus GAA-FET versus UFET[END_REF] where 𝑅 is the thermal resistance in unit of (K/W). To obtain an accurate description of nanoscale thermal transport within the JLNT, the thermal properties of the materials chosen for our simulation are listed in Table Ⅰ. The heat capacity values of silicide and Al are obtained from the material library in COMSOL. 

B. Measurements

Due to the high doping in the NW channel, on-wafer DC measurements of the JLNTs under test exhibited an increase of drain current with temperature, in contrast with conventional CMOS technologies. This can be explained by the threshold voltage reduction with temperature combined with a change in the S/D access resistances due to thermionic emission through the Schottky contacts, along with negligible carrier mobility degradation that result in a monotonic increase in the drain current [START_REF] Lee | High-Temperature Performance of Silicon Junctionless MOSFETs[END_REF]. As conventional methods were not directly applicable in our case, to extract thermal resistance of the JLNTs using experimental methods, we developed several novel experimental methods using DC measurements under different temperatures along with low-frequency S-parameter measurements [START_REF] Mukherjee | Nanoscale Thermal Transport in Vertical Gate-allaround Junction-less Nanowire Transistors-Part I: Experimental Methods[END_REF]. With these DC methods, the thermal resistance is extracted using 𝑅 ∆𝑇/𝑃 for the available transistor geometries. The extracted values thermal resistances are then compared with the simulations in subsection D for the validation of the proposed modeling framework.

C. Comparison of thermal resistances in JLNTs and FinFETs

In this section, we compare the thermal resistance of JLNTs and SOI FinFETs as a first assessment of our simulation results. In order to ensure a reasonable comparison between both technologies, we consider a gate length of 90 nm and a 𝑉 = 1.5 𝑉. It is important to note that the model proposed in our method is solved under non-isothermal conditions. The interfacial thermal transport is governed by non-slip boundary condition given by Eq. ( 3). Here, the thermal resistance is extracted from the drain region where the temperature hot-spot is observed. Fig. 5 (a) compares the extracted thermal resistance as a function of the number of fins (for FinFETs) and nanowires (for JLNTs). The thermal resistance reduces with increasing number of fins and nanowires with the maximum thermal resistance 𝑅 , , observed in the drain region of the device, corresponding to fewer parallel nanowires and fins. When the number of nanowires increases, the phonon-boundary scattering becomes weak leading to enhanced reduced thermal resistance. In addition, the thermal degradation increases as the diameter reduces due to ballistic phonon transport dominating in sub 20 nm dimensions as observed from Fig. 5 (b). Interestingly, the thermal resistance observed in both p-type SOI FinFETs and JLNTs is smaller than the 𝑅 extracted for n-type SOI FinFETs. This is because of the fact that p-type devices have a higher thermal conductivity compared to n-type devices [START_REF] Jiang | Experimental investigation of self heating effect (SHE) in multiple-fin SOI FinFETs[END_REF]. In solids, electron-phonon interaction is important to understand energy flow in electronic devices. The thermal transport is affected by two types of carrier scatterings: phonon-Fig. 5. The extracted thermal resistance in SOI FinFETs [START_REF] Jiang | Experimental investigation of self heating effect (SHE) in multiple-fin SOI FinFETs[END_REF] and JLNTs as function of (a) 𝑁 /𝑁𝑊 and (b) 𝑊 / 𝐷. electron and phonon-hole scattering [START_REF] Zhou | Direct observation of large electron-phonon interaction effect on phonon heat transport[END_REF]. The reduction of thermal conductivity mostly originates from phonon-electron scattering. In N-type devices, the phonon-electron interaction strongly modifies the lattice vibration which in turn influences the thermal transport and thermodynamic properties. Therefore, the thermal resistance of N-type devices is higher than that of P-type devices due to a higher phonon-electron coupling. JLNTs with respect to fins and nanowire numbers. The temperature increases with increasing 𝑁 and 𝑁𝑊𝑠 as the dissipated power 𝑃 also increases. For 𝑁 /𝑁𝑊𝑠 2 and 6, one can observe a temperature difference, ∆𝑇, of around 8 𝐾. However, ∆𝑇 reaches 17 𝐾 for large number of fins and nanowires (𝑁 /𝑁𝑊𝑠 20 and 30). It is to be noted that SOI FinFETs have a higher temperature increase than those extracted for JLNTs, due to a more confined flow of the phonons, indicating better thermal stability for the latter case. The extracted thermal conductivity in SOI FinFETs is found to be 8 W/m/K, whereas it reaches 10 W/m/K for the JLNTs [START_REF] Larrieu | Thermal consideration in nanoscale gate-all-around vertical transistors[END_REF]. In the other words, the thermal transport mechanism is more resistive in the FinFETs.

D. Nanoscale Thermal Transport in GAA JLNTs

The GAA structure offers the advantage of better thermal stability of nanoscale devices [START_REF] Lai | Study on degradation mechanisms of thermal conductivity for confined nanochannel in Gate-All-Around silicon nanowire field-effect transistors[END_REF], [START_REF] Jain | Modeling of effective thermal resistance in sub-14 nm stacked nanowire and FinFETs[END_REF]. In order to further understand the heat dissipation in JLNTs, we carried out multiscale GKE model simulation for JLNT geometries diameter 17, 22 and 34 nm with different number of nanowires in parallel, for the operating condition 𝑉 = 𝑉 2 𝑉. Table II lists the JLNTs geometries used for simulation in this work. Fig. 7 shows the extracted thermal resistance in the JLNTs for different diameters and nanowires, comparing device simulation and measurement results from section B. The thermal simulations were performed using an extremely fine mesh with 65000 spatial grids around the transistor active area to facilitate solving the GKE model. The maximum lattice temperature is obtained from the dissipated power calculated from 𝐼 -𝑉 characteristics. As expected, the thermal resistance decreases with increasing nanowires in parallel, whereas, it increases when diameters are scaled down. In particular, for small diameters, the thermal resistance increases due to phonon confinement effects occurring as a result of the surface roughness which, in turn, results in a loss of momentum and eventually a strong resistive transport at room temperature. For 𝐷 17 𝑛𝑚, the thermal resistance decreases from 2.66 × 10 5 K/W to 7.4×10 4 K/W with increasing number of parallel NWs (𝑁𝑊 25 to 81). Similarly, for 𝐷 34 𝑛𝑚, the 𝑅 decreases from 1.12×10 5 K/W to 3.3×10 4 for 𝑁𝑊 25 and 81, respectively. As depicted in Fig. 7, our simulation results agree quite well with measurements for 𝐷 22 𝑛𝑚 and 𝐷 34 𝑛𝑚. As observed from the trend in Fig. 7, thermal resistance is significantly influenced by the NW diameter, however, for a higher number of NWs in parallel, the spreading of the thermal resistance values with diameter reduces. Fig. 8 shows the thermal conductivity of the JLNTs along the channel direction with 25 nanowires in parallel extracted from the device simulation. As expected, the lower ETC of the nanowire is directly associated to higher thermal resistance in small dimeters, which, in turn, may lead to pronounced SHEs. It is to be noted that, the ETC reaches 3.26 W/m/K and 11.6 W/m/K for 𝐷 17 𝑛𝑚 and 𝐷 34 𝑛𝑚, respectively. The reduction of the thermal conductivity is mostly caused by phonon confinement effects in the drain area (the hot-spot region). Close to the drain area, phonon transport takes place in the ballistic regime and boundary scattering takes place which influences the thermal conductivity. The phonon-boundary scattering rate is significantly high in low dimensional materials which can be held responsible for the weak value of the ETC for 𝐷 17 𝑛𝑚. In addition, for nanowires of diameter smaller than 50 nm, the Young's modulus is likely another factor governing the thermal transport. Incoherent phonon scattering can also impact the heat propagation, which further reduces the thermal conductivity [START_REF] Ravichandran | Crossover from incoherent to coherent phonon scattering in epitaxial oxide superlattices[END_REF]. In general, in sub-10 nm nanowires, incoherent phonon scattering leads to a backscattering mechanism (i.e. resistive effects) which degrades the phonon momentum and thermal conductivity. The temperature hotspots appear due to the dominance of resistive heat transport. When the thermal conductivity reduces, heat carriers (phonon) are confined in a small space which leads to an accumulation of the heat. The physical phenomena behind the confinement mechanism can be explained by the Lévy walk [START_REF] Anufriev | Quasi-ballistic heat conduction due to Lévy phonon flights in silicon nanowires[END_REF], in which the phonons are trapped in the nanowire through short flights between the boundary and the nanowire. Phonon Lévy flight has been experimentally observed in silicon nanowires which result in the reduction of thermal conductivity in the quasiballistic regime. Therefore, the increase of device temperature and the reduction of the thermal conductivity can mainly be explained by the confinement effect. Our simulations results demonstrate that the confinement effect is very weak at the source side. It is expected that the effective thermal conductivities of the devices with D=17 nm and D=22 nm are quite close. Near the source region, the heat transport is less resistive and phonons experience less boundary scattering, therefore leading to a higher thermal conductivity.

For subsequent analyses on heat propagation, we focused on a single nanowire. Fig. 9 plots the simulated distribution of internal device temperature in JLNTs for different diameters. The maximum temperature is detected near the drain region which then gradually diminishes towards the channel layer. Interestingly, the effective temperature rise with increasing diameter is the combined effect of increasing dissipated power 𝑃 and reducing thermal resistance in larger diameters. For smaller diameters, in Fig. 9 (a) and Fig. 9 (b), the heat flow is localized in the drain side which then propagates along the nanowire. However, in Fig. 9 (c) for largest diameter (34 nm), the heat accumulation spreads over the drain side only. Furthermore, temperature distributions for smaller diameters are indicative of the thermal confinement near the drain region that leads to elevated temperature higher thermal energy. Further reduction in internal device temperature can be achieved by increasing the diameter and nanowires in parallel.

IV. CONCLUSION

In this paper, we investigated nanoscale thermal transport beyond Fourier's law in GAA-JLNTs for the first time using Guyer-Krumhansl equation developed for thermal parameter extraction. In particular, we demonstrated that non-Fourier heat modeling is an efficient method for understanding heat flow in more-Moore nanoelectronic devices. Our developed simulation framework was used to investigate thermal transport in both FinFETs and JLNTs indicating better thermal stability of the latter technology. Comparison of thermal resistance of the JLNTs from measurements [START_REF] Mukherjee | Nanoscale Thermal Transport in Vertical Gate-allaround Junction-less Nanowire Transistors-Part I: Experimental Methods[END_REF] and our proposed model demonstrated excellent agreement validating the accuracy of the proposed modeling framework. Further analysis suggested that a high thermal conductivity is recommended for better control of heat dissipation and reduction of temperature hotspots in JLNTs. Moreover, JLNTs with larger diameters and higher number of nanowires in parallel clearly demonstrate a higher efficiency for heat dissipation through the 3D vertical nanowire architecture. Further investigation of electro-thermal behavior of the JLNT technology under study will focus on electron-phonon coupling and its impact on thermal transport.
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TABLE Ⅰ

 Ⅰ 

	: THERMAL PARAMETERS OF DIFFERENT MATERIALS
	Symbol Si [21]	K (Wm -1 K -1 ) 150	C (J m -3 K -1 ) 1.692×10 6	ℓ (nm) 185
	SiO 2 [23]	1.4	1.75×10 6	0.4
	PtSi [25, 33]	18.5	2.1×10 6	-
	Cr [21]	111	2.47×10 6	-
	Al [25, 27]	252	2.43×10 6	10

TABLE II -

 II FABRICATION PROCESS PARAMETERS FOR JLNTS

This work was supported by the project FVLLMONTI funded by European Union's Horizon 2020 research and innovation program under grant agreement N•101016776 and by the LAAS-CNRS micro and nanotechnologies platform, a member of the Renatech French national network.