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Introduction

Novel electronic devices related to the internet of things (IoTs) are reshaping our world in many ways. The emergence of these devices is creating an increasing demand for disruptive innovations, among which high performance on-chip integrated energy storage solutions are the most frequently cited [START_REF] Zhai | Carbon Materials for Chemical Capacitive Energy Storage[END_REF][START_REF] Béguin | Carbons and Electrolytes for Advanced Supercapacitors[END_REF]. In this regard, microsupercapacitors (MSCs) are recognized as one of the most propitious electrochemical devices to meet applications' demands, considering attractive advantages such as miniaturization, high power density and excellent cycle life [START_REF] Kyeremateng | Microsupercapacitors as miniaturized energystorage components for on-chip electronics[END_REF]. Recently, great efforts have been made to study the interrelationships between materials, architectures, electrochemical performance and integration [START_REF] Wang | Latest advances in supercapacitors: From new electrode materials to novel device designs[END_REF][START_REF] Platek | Electrochemical performance of silicon nanostructures in low-temperature ionic liquids for microelectronic applications[END_REF][START_REF] Brachet | Solder-reflow resistant solid-state micro-supercapacitors based on ionogels[END_REF][START_REF] Kurra | Ternary chalcogenide micropseudocapacitors for on-chip energy storage[END_REF][START_REF] Huang | On-chip and freestanding elastic carbon films for micro-supercapacitors[END_REF]; the prevailing tendency has been towards MSCs with planar architecture integrating carbon based electrodes and polymer electrolyte [START_REF] Wang | Recent Progress in Micro-Supercapacitor Design, Integration, and Functionalization[END_REF][START_REF] Lethien | Challenges and prospects of 3D microsupercapacitors for powering the internet of things[END_REF]. Nevertheless, the commercial widespread application of MSCs and the demonstration of effective on-chip integration have been hindered by several electrolyte constraints, among which narrow electrochemical stability, temperature instability, packaging and safety issues [START_REF] Liu | Wearable energy-dense and power-dense supercapacitor yarns enabled by scalable graphene-metallic textile composite electrodes[END_REF][START_REF] Huang | Multifunctional Energy Storage and Conversion Devices[END_REF][START_REF] Li | Free-standing and transparent graphene membrane of polyhedron box-shaped basic building units directly grown using a NaCl template for flexible transparent and stretchable solid-state supercapacitors[END_REF][START_REF] Sun | Large-Area Supercapacitor Textiles with Novel Hierarchical Conducting Structures[END_REF][START_REF] Huang | Magnetic-Assisted, Self-Healable, Yarn-Based Supercapacitor[END_REF]. Thus, a stable solid-state electrolyte is highly desirable to overcome these limitations.

Among the various solid-state electrolytes, lithium phosphorus oxinitride (LiPON) has triggered great academic and technological interest due to several advantages such as electrochemical stability up to 5V, thermal stability up to 300°C and process compatibility with semiconductor and MEMS technology. Furthermore, ultrathin and conformal LiPON have been reported using ALD deposition [START_REF] Nisula | In situ lithiated quinone cathode for ALD/MLD-fabricated high-power thin-film battery[END_REF][START_REF] Pearse | Nanoscale Solid State Batteries Enabled by Thermal Atomic Layer Deposition of a Lithium Polyphosphazene Solid State Electrolyte[END_REF][START_REF] Put | Plasma-assisted ALD of LiPO(N) for Solid State Batteries[END_REF][START_REF] Shibata | Thermal Atomic Layer Deposition of Lithium Phosphorus Oxynitride as a Thin-Film Solid Electrolyte[END_REF], hence enabling potential for high energy density MSCs using 3D architecture. Recently, Göhlert et al. reported ultra-thin LiPON layer integration in 2D parallel plate topology MSCs between Co3O4 active electrodes [START_REF] Göhlert | Ultra-thin all-solid-state micro-supercapacitors with exceptional performance and device flexibility[END_REF]. The fabricated device exhibits an endurance of more than 30.000 cycles and reaches energy and power densities of 8 mWh.cm -3 0.08 µWh.cm -2 and 15 W.cm -3 150 µW.cm -2 respectively [START_REF] Göhlert | Ultra-thin all-solid-state micro-supercapacitors with exceptional performance and device flexibility[END_REF]. which is higher than those obtained using PVA as solid-state electrolyte materials due to the extremely small dimensions [START_REF] Göhlert | Ultra-thin all-solid-state micro-supercapacitors with exceptional performance and device flexibility[END_REF]. LiPON has been only modestly explored for MSCs and theretofore systematically integrated in combination with metal oxide electrodes (commonly consisting of pseudocapacitive materials) that grant higher cell capacitance and mitigated leakage currents [START_REF] Göhlert | Ultra-thin all-solid-state micro-supercapacitors with exceptional performance and device flexibility[END_REF][START_REF] Yoon | Solid-state thin-film supercapacitor with ruthenium oxide and solid electrolyte thin films[END_REF][START_REF] Kim | All solid-state rechargeable thin-film microsupercapacitor fabricated with tungsten cosputtered ruthenium oxide electrodes[END_REF]. However, Li-ion diffusion phenomena through such oxide (intercalation) electrodes are generally known to reduce MSCs available power density and cycle life (less than 10.000 cycles) [START_REF] Sun | Hybrid lithium-ion capacitors with asymmetric graphene electrodes[END_REF][START_REF] Masikhwa | Asymmetric supercapacitor based on cobalt hydroxide carbonate/GF composite and a carbonized conductive polymer grafted with iron (C-FP)[END_REF][START_REF] Fleischmann | High voltage asymmetric hybrid supercapacitors using lithium-and sodium-containing ionic liquids[END_REF]. By contrast, electrostatic double-layer capacitance seems more convenient for MSCs as it implies fast, perfectly reversible and nondestructive adsorption of charge carriers onto the electrolyte/electrode interfaces leading to exceptional cycling ability. To our knowledge, there are no reports to date on MSCs with LiPON ion conductor and demonstrating electrical double layer capacitive (EDLC) storage.

LiPON based electrical double layer type.

Herein, we demonstrate the integration of LiPON as a solid state electrolyte for electrical double layer MSCs. The proposed MSCs exhibit high areal capacitance (50 µF.cm -² at 1 V.s - 1 ), as well as an excellent cycling stability (2.10 -4 %/cycle over 10 5 cycles), and a nominal voltage of 3V. These results demonstrate that LiPON could enhance significantly MSCs performance and widen the scope of possible applications and integration schemes.

Experimental

Materials

Film deposition steps were performed in an Endura PVD 200mm tool equipped with Ti, Li3PO4 and Li3PO4 -Li2O (65 -35% molar ratio) sputtering targets, an Alcatel-600 tool equipped with a Pt sputtering target and a Li evaporating target. Deposition tools were connected to Ar-filled gloveboxes in order to control the sample transfer and storage atmosphere. *RF and RC power sources respectively for radio-frequency and direct current (NRA) as Li3.05PO3.4N0.6 and Li2.4PO3.6N0.5, respectively. Similar results were obtained using XPS analysis and were reported elsewhere [START_REF] Morin | Etude des propriétés d ' électrolytes solides et d ' interfaces dans les microbatteries tout solide : Cas du LiPON et des électrolytes soufrés[END_REF]. A film of 50nm Pt was deposited through shadow mask afterwards, completing the MSC (Fig. 1a). Exposition to air was minimized in order to protect the active layer from moisture. A Pt/LiPON A/Li (50 nm/100 nm/1 µm) halfcell was also realized for comparison. The details of all deposition conditions are listed in Table 1.

Characterization methods

Unless specified otherwise, only LiPON A in MSC configuration will be characterized all along this report.

The cross sectional morphology of the MSC was observed by using a transmission electron microscope (TEM) coupled with focused ion beam (FIB). A tetraethoxysilane layer (TEOS) was deposited on the top electrode to avoid damages during FIB milling.

The chemistry of the MSC MIM structure was studied with a time-of-flight scanning ion mass spectrometer (TOF-SIMS).The samples were profiled using a 2 keV Cs + sputtering beam over rastered area of 150x150 µm² and a 25 keV Bi 3+ analysis beam over analyzed area of 40x40 µm², below -100°C. The elemental distribution of Li, P, O and N was visualized by 7 LiCs 2+ , 16 OCs 2+ , 31 PCs 2+ and 14 NCs 2+ secondary ions, as well as 78 PtCs 2+ for Pt, and normalized by Cs 2+ intensity.

Electrochemical characterizations were carried out in an Ar glovebox at 25°C, using VMP3 galvanostat potentiostat (Bio-Logic). The active surface of the samples was between 20 and 45 mm².

Results and discussion

Description of MSC structure

Fig. 1b shows a cross sectional TEM image of a MSC realized on Silicon substrate. The LiPON layer represents a total thickness of 140 nm and matches quite well with the intended value. Moreover, each layer appears distinct and continuous, and the interfaces do not exhibit delamination or local blisters, which indicates good adhesion at the various interfaces. As previously reported [START_REF] Dargent | Direct bonding of silicon to platinum[END_REF], Pt electrode presents typical root-mean square (rms) roughness of 0.5 nm and normalized rms of 0.35%, in case of 140nm thin solid-state electrolyte. Thus, one can assume that this ratio is low enough not to generate any possible leakage current or short circuit effects.

TOF-SIMS analysis was performed on the as deposited MSC and a 3D cartography of elemental distribution is illustrated in Fig. 1c. A uniform spatial distribution of Li, P, O and N elements is observed; the presence of Li traces within the Pt electrodes is attributed to tool cross-contamination during deposition steps. voltage range (Fig. 2a). The cathodic and anodic scans both present an average current density of 5 µA.cm -2 . In this case, the CV profile is typical for an electrical double layer storage, most probably resulting from Li + ion migration within LiPON film toward the low voltage side and the formation of lithium vacancies on the high voltage side [START_REF] Morita | Li depth profiles of metal/Lielectrolyte/metal capacitors under biasing studied by means of MeV ion beam analysis techniques[END_REF][START_REF] Aizawa | In situ electron holography of electric potentials inside a solidstate electrolyte: Effect of electric-field leakage[END_REF]. Specifically, during the oxidation phase in Pt/Li half-cell, Li + ions accumulate at the Li reference counter electrode surface concomitant with the formation of lithium vacancies at the Pt electrode surface and inversely during reduction phase. Herein, Li metal counter electrode is considered as a faradaic electrode, thus has effectively infinite capacitance. Consequently, the full charge measured capacitance corresponds to the Pt/LiPON interface contribution only [START_REF] Pell | Peculiarities and requirements of asymmetric capacitor devices based on combination of capacitor and battery-type electrodes[END_REF]. These CV profiles are typical for a supercapacitor electrode, most probably resulting from Li + ion migration within LiPON film toward the low voltage side and the formation of lithium vacancies on the high voltage side [START_REF] Aizawa | In situ electron holography of electric potentials inside a solidstate electrolyte: Effect of electric-field leakage[END_REF]. As a result, the extracted capacitance density from CV curves is 93 µF.cm -2 for a single Pt/LiPON interface, corresponding to an effective double layer width thickness tdl of few Å (Eq. S1), which remains in the scope of the Gouy Chapman Stern (GCS) theory for electrochemical double layer capacitors [START_REF] Conway | Electrochemical Supercapacitors[END_REF][START_REF] Stern | Zur theorie der elektrolytischen doppelschicht[END_REF].

Electrochemical characterization of Pt/LiPON/Li half-cell

By performing CV measurements within [0 -4V] (Fig. 2b), three reduction peaks A, B and C are observed on the profiles, respectively for 0.25V, 0.1V and 0V vs Li + /Li. Based on Okita's observations [START_REF] Okita | Stabilizing lithium platingstripping reaction between a lithium phosphorus oxynitride glass electrolyte and copper thin film by platinum insertion[END_REF], peaks A and B originate from the formation of Pt-Li alloy phases immediately before the lithium plating process (peak C), consequence of the difference in activities between lithium metal and Pt-Li alloy. Motoyama et al. observed Li-Pt alloy formation at the Pt/LiPON interface for positive voltages within [0,02 -0,5V] vs Li + /Li [START_REF] Motoyama | Situ Scanning Electron Microscope Observations of Li Plating / Stripping Reactions with Pt Current Collectors on LiPON Electrolyte[END_REF].

Furthermore, they showed that the alloy composition varied with Pt thickness and current density, and proceeded under non-equilibrium conditions at any current densities above 50 µA/cm². In our present work, the amount of charge related to Li-Pt alloy is estimated around 1 mC/cm² (Fig S2). Based on these results and data reported previously [START_REF] Motoyama | Situ Scanning Electron Microscope Observations of Li Plating / Stripping Reactions with Pt Current Collectors on LiPON Electrolyte[END_REF], it implies that (i) Pt current collector was not saturated with Li, (ii) two alloys PtLix1 and PtLix2 were formed successively and (iii) Li plating occurs subsequently, in presence of Pt/PtLix1/PtLix2 phases.

On the anodic scan, stripping of the plated lithium (peak C) is associated to the oxidation peak D at 0.36V vs Li + /Li. The following peaks E, F and G (at 0.60V, 0.96V and 1.20V vs Li + /Li respectively) are related to fractions of lithium extracted from Li-Pt alloys previously formed (peaks A and B) [START_REF] Park | Investigation of the Lithium Couple on Pt, Al, and Hg Electrodes in Lithium Imide-Ethyl Methyl Sulfone[END_REF].

Consequently, CV observations suggest that Pt would operate as a supercapacitor electrode with electrical double layer capacitive mechanism when integrated in Pt/LiPON/Pt MSCs.

The change from Li reference to Pt electrode inhibits the charge transfer reactions and allows electrical double layer energy storage within [0 -3V] device potential window. Consequently, CV observations suggest that Pt/LiPON interface would operate as an electrical double layer storage electrode for voltages within [1 -4V] vs Li + /Li.

Effects of LiPON composition on the MSC electrochemical performance

The electrochemical properties of MSCs based on LiPON A and B have been compared. EIS measurements were carried out on MSCs structures. The corresponding data are shown in Fig. 3a. Nyquist plots of EIS data consist of a depressed semicircle and an almost linear segment, respectively at high and low frequency ranges. The results were analyzed using the equivalent circuit (Fig. S1). The semicircle is attributed to the impedance response from LiPON film whereas the low frequency segment corresponds to a capacitive behavior of the LiPON/electrode interfaces. The LiPON ionic conductivity obtained from the fit of the data plotted in Fig. 3a is σA = 1.5 µS.cm -1 and σB = 0.5 µS.cm -1 (with σion = d/RLiPON.S), respectively for A and B cases (discussed later in this section). The calculated dielectric constant ɛr originating from the LiPON dielectric polarization is around 17 for both compositions (following εr.= CLiPON. d/ε0.S). Therefore, the LiPON characteristic frequency fbulk, (Fig. 3a) only varies with the LiPON resistance RLiPON (with 2.π.fbulk = 1/(RLiPON.CLiPON)) which is in good agreement with the literature [START_REF] Bates | Electrical properties of amorphous lithium electrolyte thin films[END_REF][START_REF] Put | Electrical Characterization of Ultrathin RF-Sputtered LiPON Layers for Nanoscale Batteries[END_REF][START_REF] Van-Jodin | Dielectric properties, conductivity and Li+ ion motion in LiPON thin films[END_REF].

Fig. 3b depicts the frequency dependence of the imaginary part of capacitance C'' for LiPON-MSC, calculated as follows [START_REF] Taberna | Electrochemical characteristics and impedance spectroscopy studies of carbon-carbon supercapacitors[END_REF]:

= × × | |² (1)
with Z' the real part of the impedance Z, f the frequency and S the active area. The characteristic time τ0 required to charge/discharge the MSC (also called relaxation time) is the inverse of the frequency corresponding to the maximum of the dielectric loss. As for conventional capacitors, τ0 is related to the internal resistance (here RLiPON) and the double layer capacitance value (at low frequencies, CPEDL = CDL), leading to extremely short relaxation times of 1.2ms and 3.6ms (respectively for A and B cases, at 298K). As expected, for higher temperature RLiPON and τ0 decrease with respect to the Arrhenius law (Table S1 and Fig. S3). Note that in the present work, CDL remains unchanged within the [238 -338K] temperature range (Fig. S4a andS4b).

CV curves (Fig. 3c) show an almost rectangular shape, as expected for the electrochemical signature of a quasi-ideal reversible double layer behavior. The MSC specific capacitance C is calculated following:

= ×∆ × × (2) 
where is the integrated area of the CV curve, ΔU the potential range and S the active area. By using Eq. 2 the calculated capacitance is 51 µF.cm -2 and 36 µF.cm -2 respectively for A and B cases, which is half the capacitance extracted in Fig. 2a for a single Pt/LiPON interface according to 1/Ctot = 1/C1 + 1/C2 = 2/C1.

It was reported in previous studies that capacitance is correlated to the electrolyte ionic conductivity [START_REF] Kamel | Enhancement of the Double-Layer Capacitance in BaTiO3:H-Based Solid Electrolyte[END_REF], either through the mobile charge carriers concentration p0 or/and the ionic mobility µ according to:

= × × μ (3) 
with q the electronic charge. Indeed, the capacitance variation with the mobile charge carriers concentration p0 is a well-accepted relationship based on the Mott-Schottky model for an ion conductor [START_REF] Pitarch | Mobile cation concentration in ionically conducting glasses calculated by means of Mott -Schottky capacitance -voltage characteristics[END_REF]. However it has also been suggested that an increase in the ionic mobility improves the capacitance value [START_REF] Kim | Extremely Durable , Flexible Supercapacitors with Greatly Improved Performance at High Temperatures[END_REF]. In order to evaluate the respective influence of these two parameters on MSC capacitance, isothermal transient ionic current (ITIC) was recorded at various temperatures from 210K to 298K at a 1V potential step for both LiPON A and B (Fig S4c andS4d). As the Li spatial distribution is uniform, the current density I can be expressed as [START_REF] Strømme Mattsson | Isothermal transient ionic current as a characterization technique for ion transport in Ta2O5[END_REF]:

" #$#% × & + " '() × & exp -- /× & 0 (4) 
where σelec and σion are the dc electronic and ionic conductivities, U the voltage step, d the electrolyte thickness and Ip the polarization current independent of the Li-ions quantity. The initial exponential decay corresponds to the Li-ions motion under the electric field. Due to the small thickness of the LiPON layer, such behavior becomes more clearly observed at very low temperature as the timescale of the exponential decay is very short (Fig. S4e andS4f). It can be seen in Fig. S4g that the temperature dependence of the extracted ionic mobility can be well described by an Arrhenius behavior between 210K and 278K (close symbols). Hence, it can be confidently extrapolated to higher temperatures (Fig. S4g, dashed lines and open symbols).

The extracted ionic mobilities extrapolated at 298K are µA = 3.5.10 -7 cm 2 .V -1 .s -1 and µB = 1.8.10 -7 cm 2 .V -1 .s -1 for A and B cases respectively. Furthermore, the LiPON ionic mobility increases by about six orders of magnitude when the temperature increases from 210K to 338K. By using Eq. 3, the calculated mobile charge carriers concentrations are 3.10 19 cm -3 and 2.10 19 cm -3 for LiPON A and B respectively, and they are almost stable with temperature (Fig. S4g). More particularly, while increasing temperature, µB increases much above µA initial level, but with no significant influence on the capacitance value. This highlights that the mobility does not play a significant role in explaining the difference between MSC capacitances. These results are consistent with the EIS model calculations (equations S1 to S8) presented in Table S1 (the mobile charge carriers concentrations estimated from the capacitance using equations S1 to S8 are in reasonable agreement with the values obtained above), thus substantiating that the mobile charge concentration p0 is the main parameter influencing the capacitance value.

Recently, Lacivita et al. [START_REF] Lacivita | Resolving the Amorphous Structure of Lithium Phosphorus Oxynitride (Lipon)[END_REF] reported that for low Li/P ratio (< 3), an increase of the Li content leads to significant structural modifications, correlated to an increase of both mobile charge carriers concentration and ionic mobility and thus to an increase of the ionic conductivity. Checking this hypothesis against our data points for LiPON (Li/P of 2.4 and 3.05, respectively for type A and B) seems to confirm this conclusion.

In conclusion, the composition of LiPON ion conductor, and more specifically the lithium content, seems to significantly influence the electrochemical performance of corresponding MSCs. When increasing lithium content, the capacitance varies in positive correlation with charge carriers concentration; the relaxation time varies in positive correlation with ionic conductivity.

MSC electrochemical potential stability window

The MSC stability has been studied considering different charging voltages within [0 -6V] (Fig. 4a). It is observed that the current density significantly increases when the voltage exceeds 4V, suggesting a decomposition of LiPON in contact with Pt inert electrodes [START_REF] Yu | A Stable Thin-Film Lithium Electrolyte : Lithium Phosphorus Oxynitride[END_REF].

Recently Put et al. [START_REF] Put | On the chemistry and electrochemistry of LiPON breakdown[END_REF] reported that LiPON may self-dissociate into P4O10, LiPO3 and/or Li4P2O7 around 1,1 -1,5V vs standard hydrogen electrode in contact with Au from thermodynamic considerations, which leads to an approximately [0 -3.5V] MSC stability and is in good agreement with our experiment. For higher charging voltages, reduction and oxidation peaks appearance at fixed potential in the CV curves and after repeated cycles suggests that part of the reaction mechanisms are unexpectedly reversible. Particularly, one can reasonably assume that, beyond LiPON voltage stability, (1) some Li-Pt formation at the negative electrode and (2) decomposition reactions of LiPON film (precisely lithium depletion from the electrolyte) at the positive Pt/LiPON interface simultaneously occurred.

Thus, in this particular case of electrochemical reactions at both electrode sides, the MSC would rather behave like a "hybrid" device [START_REF] Pell | Peculiarities and requirements of asymmetric capacitor devices based on combination of capacitor and battery-type electrodes[END_REF]. This behavior is highlighted by the different EIS measurements performed on MSC at 1V, 5V

and back to 1V (Fig. 4b). The presence of a second depressed semi-circle in the Nyquist plot at 5V is attributed to the impedance response from a resistive decomposition product layer (170kΩ). From data fitting, LiPON contribution remains almost unchanged implying that decomposition does not occur into the bulk but preferentially at one or both of LiPON/Pt interfaces. ToF-SIMS analysis (Fig. S5a and S5b) confirms that there is no evolution of the LiPON bulk composition.

This behavior has been attributed to the formation of a Li4P2O7 layer [START_REF] Yu | A Stable Thin-Film Lithium Electrolyte : Lithium Phosphorus Oxynitride[END_REF]. However, recent studies [START_REF] Kang | Battery materials for ultrafast charging and discharging[END_REF][START_REF] Archana | Surface adsorption and disordering in LiFePO4 based battery cathodes[END_REF] have reported that Li4P2O7 ionic conductivity is as large as σion = 0.2 µS.cm -1 , which is much too large for this compound to constitute the main component of the resistive layer at 5V in our case. Back to 1V, the resistance of the second semi-circle is substantially reduced (from 170kΩ to 55Ω). Two conceivable scenarios can be proposed: (1) either a decrease of the resistive interfacial layer thickness, or/and (2) a change in the layer composition through various reversible redox reactions (associated with the non-indexed reversible peaks in the CV plot in Fig. 4a). Further characterization would be required to understand this behavior.

Galvanostatic cycling of MSCs within [0 -5V] (100 µA.cm -2 ) have been performed to study the endurance of the reversible LiPON decomposition. The results are plotted in Fig. 4c. The MSC exhibits an almost perfect reversibility upon 10 4 cycles with a coulombic efficiency of 99.6%. A first decrease in capacitance is observed from 70 µF.cm -2 to an asymptotic value of 53 µF.cm -2 over the first 500 cycles, probably due to non-reversible interfacial reactions at the LiPON/electrode(s) interfaces. For the remaining cycles, the system is stable and the double layer cell capacitance decay is around 10 -6 %/cycle (see the evolution of recorded EIS spectra after each thousand cycles in Fig. S6). Besides, the evaluation of the leakage current by chronoamperometry indicates that LiPON electrical insulating behavior remains unchanged even beyond its stability range (Fig. S7), with an electronic conductivity σe as low as 10 -13

S.cm -1 in accordance with literature reports [START_REF] Van-Jodin | Dielectric properties, conductivity and Li+ ion motion in LiPON thin films[END_REF].

From these results, we can conclude that LiPON based MSC could be operated at a high nominal voltage of 5V without effects on the double layer capacitance value (stabilized around 50 µF.cm -2 ). This enables MSCs to store 2.7 times more energy than [0 -3V]

(following E = CU 2 /2), at the expense of a significant internal resistance increase. This wide voltage range operation provides a reasonable compromise between energy and power densities depending on the application demands.

MSC self-discharge

Self-discharge is an important parameter, which has to be considered for practical applications. When considering supercapacitors, self-discharge might come from (i) ohmic leakage, (ii) parasitic faradaic reactions being either activation-controlled or diffusioncontrolled, or (iii) charge redistribution due to inhomogeneity in charging inside the bulk electrode material. Three well accepted models have been considered in order to establish the major mechanisms dictating the self-discharge [START_REF] Conway | Diagnostic analyses for mechanisms of selfdischarge of electrochemical capacitors and batteries[END_REF]:

-Ohmic leakage arises from charges moving across an existing short circuit/load resistance R into the electrolyte, following:

= × exp - 1 23 (5) 
with U0 the initial applied voltage across the MSC, C its capacitance and RC the time constant of the self-discharge process.

-Activation-controlled self-discharge originates from the overcharge of a supercapacitor or the presence of impurities that involve charge transfer reactions, resulting in a logarithmic decay with time [START_REF] Conway | Diagnostic analyses for mechanisms of selfdischarge of electrochemical capacitors and batteries[END_REF].

-Diffusion-controlled self-discharge, varying with t 1/2 , describes the Li ions diffusion from the double layer to the bulk electrolyte. Generally, mixed faradaic and charge redistribution arise collectively in supercapacitors' self-discharge, and may exhibit only slight changes in the potential profile (since charge redistribution depends on the initial potential) [START_REF] Conway | Diagnostic analyses for mechanisms of selfdischarge of electrochemical capacitors and batteries[END_REF]. In particular, such behavior is observed for non-homogenous porous electrodes.

As these mechanisms can occur simultaneously, a general equation describing all this three potential decays can be written as [START_REF] Conway | Diagnostic analyses for mechanisms of selfdischarge of electrochemical capacitors and batteries[END_REF]:

= × exp -- 1 23 0 --4 + 5 × ln -+ 3.9 : 00 -; × √ (6)
where m is the diffusion parameter, a and b constants related to faradaic process, K an integration constant and i0 the exchange current.

Self-discharge measurements were performed by recording open circuit voltage (OCV) variation during 100h, after initially holding the voltage at 3V for 3h. Results are plotted in Fig. 5 and compared with the simulated OCV decay from Eq 6. After 100h, the ohmic leakage represents only 9% of the OCV loss while the diffusion and faradaic processes correspond to a 27 and 64% variation respectively, meaning that they constitute the major mechanisms of the MSC self-discharge. Furthermore, OCV decays for different initially applied voltage are quasi similar (Fig. S8), substantiating the absence of charge redistribution [START_REF] Andreas | Self-Discharge in Electrochemical Capacitors : A Perspective Article[END_REF][START_REF] Niu | Requirements for performance characterization of C double-layer supercapacitors : Applications to a high specific-area C-cloth material[END_REF], as expected for the homogeneous electrodes and smooth interfaces in our MSCs.

As shown in Fig. 5, the MSC OCV decreased from 3V to 1.5V in 72h, making it very attractive for potential use in standby power applications. 

MSC rate capability

Performances of the MSC are evaluated at different scan rates (ν, V/s) in Fig. 6a-6b. For ν varying from 0,1 V.s -1 to 30 V.s -1 , the reversible rectangular-like shape remains unchanged.

This result validates the near-ideal EDLC-type behavior, with respect to our previous calculation (from Fig 3b, with τ0 = 1,2ms).

To further quantify the capacitive contribution to the overall response, a standard kinetic analysis was carried out. The current I at a fixed potential can be expressed as a combination of capacitive effects (k1.v) and Li ion diffusion-controlled processes (k2.v 1/2 ) [START_REF] Liu | Behavior of molybdenum nitrides as materials for electrochemical capacitors comparison with ruthenium oxide[END_REF]:

= = × > + = × > / (7)
with k1 and k2 two constants related to capacitive and faradaic effects respectively. By plotting i/v 1/2 versus v 1/2 (not shown), k1 and k2 can be determined from the slope and the yaxis intercept, respectively. By comparing the calculated current k1.v (red area) with the experimental currents (black solid line) in Fig. 6c, it is observed that about 99% of the total current is contributed by the capacitive mechanism at 500 mV.s -1 . Similarly, Trasatti treatment Q(ν) (with Q the extracted charge) was applied in order to identify and compare the outer charge Q0 (resulting from accessible active sites) with the total charge Qt [START_REF] Baronetto | Note on a method to interrelate inner and outer electrode areas[END_REF]. Both values are respectively calculated from extrapolation of Q to ν → ∞ and ν → 0 depicted in Fig. S9 As no real linear variation is observed within all considered scan rates range, the charge Q decrease is likely to originate from ohmic loss/LiPON or electrodes polarization.

When extrapolating both curves in Fig. 9a and 9b, values of the outer charge Q0 and the total charge Qt match around 152 µC.cm -2 (50,7 µF.cm -2 ) . These results typically corroborate that the Pt electrode is predominantly capacitive in nature and that there is no Li diffusion into interfacial electrolyte/metal electrodes, confirming the pure EDLC behavior. Furthermore, similar CV data have been observed for MIM structures using Pt, Cu and Au electrodes (Fig. S10). These results corroborate electrical double layer storage at the LiPON/metal interfaces within the considered voltage window, regardless of the metal electrode reactivity with lithium.

The MSC capacitance extracted from CV measurements are plotted as function of ν (Fig. 6d).

Only 16% loss is observed when increasing the scan rate by 4 orders of magnitude, highlighting an excellent cycling rate capability of the LiPON double layer storage mechanism.

For the practical realization of the developed MSCs, it is important to check its repeatability and reproducibility. Therefore, CV tests were performed on 3 different runs. The areal capacitances of all samples at different surfaces (between 20 and 45mm²) were calculated from CV measurements. The average capacitance deviation is calculated as ±7%. In addition,

CV curves of all samples at a scan rate of 500 mV.s -1 shows the almost similar shape of the curves (Fig S11 ), which shows minor variation in the electrochemical performance of all samples. Thus, these results display good repeatability and reproducibility of the developed MSCs. 

MSC cycling performance

For current within [1 -1000 µA.cm -2 ] range, the LiPON-MSC shows an almost constant coulombic efficiency of 99.8% upon cycling (Fig. 7a), thus indicating an excellent reversibility. When increasing the current, the capacitance decreases moderately due to kinetic limitations. Back to lower currents, the initial capacitance nearly fully recovers.

MSC endurance was tested by applying a constant current of 100 µA.cm -2 (approximately 3000C) and results are presented in Fig. 7b. As expected for an EDLC-type behavior, 10 5 reversible cycles are performed. One can distinguish two stages variation: 1) 12% decrease among the first five hundreds of cycles and 2) an almost stable capacitance loss of 10 -5 %/cycle in average for the remaining cycles. The initial loss might originate from the proximity of LiPON decomposition within the MSC structure, implying small irreversible reactions over the first cycles. It is verified that the 100.000 th charge and discharge still exhibit the typical linear growth and decay (inset of Fig 7b).

The performances of our LiPON-based MSC (areal energy and power densities) are summarized and compared to the all-solid-state thin film MSCs previous art (Fig. 8).

Accordingly, a maximum energy density of 70 nWh.cm -2 (2.9 mWh.cm -3 ) and a maximum power density of 6.8 mW.cm -2 (283 W.cm -3 ) be achieved. The relatively high nominal voltage of 3V raises the performance of our MSC among the actual state-of-art 2D all-solid-state MSCs previously reported (blue curves) [START_REF] Göhlert | Ultra-thin all-solid-state micro-supercapacitors with exceptional performance and device flexibility[END_REF][START_REF] Wu | Graphene-based in-plane micro-supercapacitors with high power and energy densities[END_REF][START_REF] Delekta | Fully inkjet printed ultrathin microsupercapacitors based on graphene electrodes and a nanographene oxide electrolyte[END_REF][START_REF] Zheng | Arbitrary-Shaped Graphene-Based Planar Sandwich Supercapacitors on One Substrate with Enhanced Flexibility and Integration[END_REF][START_REF] Mu | One-step laser direct writing of boron-doped electrolyte as all-solid-state microsupercapacitors[END_REF]. Recently, most of MSCs have been evolving towards 3D in-plane configuration, thus enabling energy densities from approximately 10 to 100 higher than planar MSCs [START_REF] Hu | 3D Interdigital Au / MnO 2 / Au Stacked Hybrid Electrodes for On-Chip Microsupercapacitors[END_REF][START_REF] Ferris | 3D Interdigitated Microsupercapacitors with Record Areal Cell Capacitance[END_REF][START_REF] Maeng | Three-Dimensional Microcavity Array Electrodes for High-Capacitance All-Solid-State Flexible Microsupercapacitors[END_REF]. LiPON, with recent promising results on ALD deposition, appears as an excellent ion conductor candidate for porous/high aspect ratio structures. Based on the present work, a projection taking into account electrochemically active surface increase of x250 using microfabrication techniques (for example, use of nanoporous structure [START_REF] Liu | An all-in-one nanopore battery array[END_REF][START_REF] Voiron | Structure with an improved capacitor[END_REF]) was considered for possible high aspect ratio 

Conclusion

In this work, we have proposed the use of LiPON thin film as a solid-state electrolyte for planar double layer MSCs, tested between two inert Pt electrodes. The CV shape and its associated capacitance value indicate that the storage mechanism consists in Li-ion accumulation at the electrode/electrolyte interfaces, as expected from typical double layer capacitors. These results highlight the potential of an integrated LiPON for MSCs. The Li:P ratio around 3 in LiPON chemical composition allows for the electrolyte to have a good balance between its mobile charge carriers concentration and ionic mobility, and consequently leading to higher energy and power densities, respectively.

The Pt/LiPON/Pt device exhibits very good capacitance value of 50 µF.cm -2 at 1 V.s -1 , excellent cycling ability over 10 5 cycles and high nominal voltage of 3V, which makes LiPON-MSC among the top state-of-art planar thin film all-solid-state MSCs.

Although it remains a test vehicle in the context of this current work, the use of Pt electrodes has permitted to highlight the EDLC behavior of LiPON-MSC. For further developments, the use of ALD thin layers would permit to consider structures with large aspect ratio for enhanced electrical performance. A projection considering an amplification factor of x250 would bring exceptionally high energy and power densities of 17 µWh.cm -2 and 1.7 W.cm -2 respectively. The process compatibility with silicon and the choice of low-cost metal electrodes (TiN, etc) would make it particularly viable for an industrial large-scale production.

Figure 1 .

 1 Figure 1. (a) Photo of MSC on Si substrate. (b) TEM cross sectional image of Pt/LiPON/Pt MSC. (c) ToF-SIMS enabled three-dimensional elemental maps of the MSC structure (40x40x400 µm 2 .nm).

First, the electrochemical

  properties of individual Pt electrode in the Pt/LiPON/Li structure have been studied in order to later understand the full MSC behavior. The Pt/Li half-cell study aims to give a better insight of the electrical double layer behavior at the Pt/LiPON interface, about which no reports are available in the literature to the best of our knowledge. The contribution from Li-ion accumulation/depletion to the electrical double layer formation at the. The electrochemical behavior of Pt/LiPON interface was investigated by cyclic voltammetry (CV), recorded at 50mV.s -1 within [0 -4V] range. The corresponding results are depicted in Fig 2.

Figure 2 .

 2 Figure 2. Cyclic voltammetry profiles of Pt/LiPON/Li half-cell at 50 mV.s -1 within (a) [1 -4V] and (b) [0 -4V] voltage range. The measured Open Cell Voltage (OCV) is 0.8V.

Figure 3 .

 3 Figure 3. Electrochemical characterization of MSCs integrating LiPON with A and B stoechiometries. (a) EIS measurement at 1V. (b) Frequency dependence of the imaginary part of the capacitance. (c) CV curves at 500 mV.s -1 .

Figure 4 .

 4 Figure 4. LiPON voltage stability window. (a) CV plot at 100 mV.s -1 for various voltages at cycle 5. (b) EIS at 1V, 5V and 1V again. (c) Cycle life between 0 and 5V over 10.000 cycles.

Figure 5 .

 5 Figure 5. OCV variation of solid-state MSC with time after 3h charge at 3V and simulated contribution due to ohmic, diffusion controlled and activation-controlled processes.

Figure 6 .

 6 Figure 6. Electrochemical characterization of Pt/LiPON/Pt solid-state MSC. (a) CV curves within [0 -3V] plotted for scan rates between 100 mV.s -1 and 1 V.s -1 and (b) between 3 V.s -1 and 30 V.s -1 . (c) CV plot at 500 mV.s -1 separated into capacitive (varying with ν, red area) and diffusion (varying with ν 1/2 , green area) contributions. (d) Specific capacitance plotted as function of the scan rate.

Figure 7 .

 7 Figure 7. Endurance of solid-state MSC within [0 -3V] range. (a) Rate performance at different current densities. (b) Cycle life of the device at 100 µA.cm -2 . (Inset: charge and discharge curves as function of the capacity)

  devices. As seen in Fig8(red, filled circles), LiPON-MSC could substantially reach energy density as high as 17 µWh.cm -2 and a maximum power density of 1.7 W.cm -2 , monopolizing the top state-of-art all-solid-state inorganic thin film MSCs.

Figure 8 .

 8 Figure 8. Ragone plot: areal energy density vs areal power density of LiPON-MSC (filled symbols) in comparison with all-solid-state thin film MSCs (open symbols) considering planar (blue) and 3D architectures (red). Straight and dashed lines represent stacked and interdigitated structures.

  

Table 1 .

 1 Deposition conditions for MSC layers.

	gas flow rate (sccm)

Conflicts of interest

There are no conflicts to declare