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ABSTRACT:ABSTRACT:ABSTRACT:ABSTRACT: Micro-supercapacitors, a class of miniaturized electrochemical capacitors, are an attractive 

solution to power smart and connected sensors for Internet of Thing (IoT) applications. Unfortunately, 

to propose on chip micro-supercapacitors with high technological readiness level, the deposition of 

electrode materials on large-scale substrate is challenging from microelectronic industry point of view. 

To fulfill the IoT needs and semiconductor industry requirements, the sputtering deposition of 

transition metal nitride was investigated in the framework of this paper. Bi-functional tungsten nitride 

films were sputtered on silicon wafer and were investigated both as a current collector and as an 

electrode material. Atomic Force Microscopy technique was used to evaluate the specific surface of 

the sputtered films. 7.9 µm-thick W2N films exhibits a specific surface of 75 cm2 per cm2 footprint area 

and thus it exhibits capacitance values up to 0.55 F.cm-2 and more than 700 F.cm-3 in 1M KOH aqueous 

electrolyte. 

KEYWORDS:KEYWORDS:KEYWORDS:KEYWORDS: tungsten nitride, pseudocapacitance, sputtering, AFM, micro-supercapacitor    
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RESEARCH HIGHLIGHTS:RESEARCH HIGHLIGHTS:RESEARCH HIGHLIGHTS:RESEARCH HIGHLIGHTS:    

• Fine optimization of W2N pseudocapacitive films deposited by sputtering on silicon wafer for 

on chip micro-supercapacitors    

• Determination of the specific surface of thin films based on AFM imaging technique: specific 

surface up to 75 cm2 per cm2 is evaluated for 7.9-µm thick W2N film.    

• Improvement of the film capacitance: the areal capacitance is significantly increased with 

thicker layers (7.9 µm-thick) up to 0.55 F.cm-2 while maintaining a high volumetric 

capacitance (700 F.cm-3) in 1M KOH electrolyte.     
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INTRODUCTION 

Internet of Things (IoT) is burgeoning to exchange data between portable, smart and connected 

devices [1,2]. Such electronic devices embed various sensors which could be controlled remotely 

across existing network structure, thus creating opportunities for bridging hardware and software 

applications in order to design efficient, accurate, self-powered and maintenance-free systems with 

limited human intervention. Energy scavenging / harvesting technologies are widely investigated for 

IoT devices to produce self-powering systems with the harvesting from thermal, mechanical or solar 

energy from the environment and the conversion into electricity. Unfortunately, the intermittence and 

instability of such resources impose the use of energy storage technologies compatible with the 

desired application. Miniaturized sensor nodes are required within IoT network for health, 

environmental or industrial monitoring, drug delivery (in vivo application), transportation, wearable 

personal electronics, radio frequency identification systems. However, it is still challenging to drive 

these small and connected devices due to the lack of performing and reliable energy storage devices. 

The miniaturization of different type of electrochemical energy storage (EES) technologies is widely 

investigated since several years in order to produce efficient EES devices. Micro-supercapacitors [3] 

(MSC), a class of miniaturized electrochemical capacitors [4], are an attractive solution to power small 

and connected sensors: nevertheless, the energy density of MSCs is very low and should be improved 

while keeping the power density and cycling ability high. Recently, carbon based MSC have been 

fabricated on silicon wafer using semiconductor industrial processes, such as collective 

microfabrication techniques. MSC are one of the best tradeoff between energy and power 

densities[5]. To further improve the energy performance of MSC while keeping the power capability 

and the cycling ability at the highest level, pseudocapacitive materials [6][7] are interesting candidates. 

Electrodeposited thin films such as MnO2 or RuO2 have been investigated in the last few years as 

efficient electrodes for MSC [8–11]. While MSC are studied since more than 18 years [12], the 

technological readiness level stays at the lab scale and no industrial products are commercially 

available. One of the technological barrier is the deposition of active materials (> 5 µm-thick electrode) 
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using microelectronic equipment, in particular, vapor deposition techniques seem to be really 

attractive from an industrial point of view. On the one hand, in the semiconductor industry, it is very 

common to use molecular beam epitaxy or metal organic chemical vapor deposition technique to 

produce epilayers for electronic, optoelectronic or memory applications. Physical Vapor Deposition 

techniques such as sputtering or thermal evaporation are also widely used for depositing dense, 

compact and thin metallic contact layers. On the other hand, for fast electrochemical energy storage 

application, the electrodes of electrochemical capacitors need to be porous, generally made from 

transition metal oxides (MnO2, RuO2…) or they hydrated phases. Taking into account these two 

considerations, the first issue is the deposition of porous thin film electrodes for MSC based on large-

scale deposition technique. However, the pseudocapacitive material deposited for such purpose must 

exhibit significant capacitance value, good electrical conductivity and high cycling ability.  

Contrary to the widely studied nanoporous carbon or oxides electrodes, there are only few papers 

focused on nitride based electrochemical capacitors (EC) although, B.E Conway and coworkers [13] 

demonstrated in 1988 the potential capabilities of molybdenum nitride material acting as an efficient 

electrode for EC. Transition metal nitrides (TMN) are considered as an important class of materials in 

many domains (electronics, drilling equipment, catalyst and electrochemistry) due to their high 

chemical resistance against corrosion, their impressive hardness, their excellent electrical conductivity 

and their high melting points [14–16]. TMN are investigated recently as electrode materials for Li-ion 

batteries as well as lithium diffusion barrier in micro-battery [17]. We summarize in the    table 1table 1table 1table 1 the 

main studies performed on transition metal nitride for EC and MSC. 

Since the pioneer work from P. Kumta and coworkers [18] in 2006, vanadium nitride (VN) has been 

investigated as a promising material for supercapacitors based on the multiple oxidation states of the 

vanadium cation. High capacitance close to 1340 F.g-1 in KOH (1 M) at 2 mV.s-1 has been reported [18] 

for nanosized VOxNy based electrode. During the last decade, several TMN (TiN, NbN, Mo2N, RuN….) 

have been proposed [19–24] as efficient pseudocapacitive electrodes for SC. Among all these 

compounds, vanadium nitride is one of the most studied TMN. It was evaluated either as bulk 
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composite electrode based on VN powder [18] or as thin film electrode [25]. VN – carbon nano fibers 

composite electrodes[26] have shown impressive capacitance values (up to 600 mF.cm-2) in 3M KOH. 

Such composite electrode is very useful for wearable applications but does not seem to be an 

attractive solution for micro-supercapacitor due to the synthesis process which is non-compatible with 

semiconductor industry. 

TiN is another promising TMN for EC or MSC: thin films deposited by sputtering [24] or TiN nanowires 

[27] have been envisioned as interesting electrode materials in KOH or H2SO4 aqueous electrolytes (see 

table 1table 1table 1table 1). MoxNy, the first TMN proposed by B. Conway and coworkers [13], is widely studied by many 

research groups [21,22,28] with different performance depending on the electrode morphology (film, 

powder) and on the synthesis procedure (sputtering, temperature-programmed reaction).  

Among the existing TMN, tungsten nitride (group VI) is rarely studied as an electrode material for 

electrochemical capacitor [19,29–32], although such TMN exhibits a high electrical conductivity. 

Combining interesting capacitance values with high electrical conductivity in the same material is very 

challenging. Here we demonstrate the deposition of bi-functional tungsten nitride films on Si3N4 

coated silicon wafer. The strategy used to prepare thick WxNy electrode (> 5 µm) deposited by 

magnetron sputtering technique is reported. Structural, morphological and electrochemical properties 

are carefully investigated in order to optimize the growth of high performance tungsten nitride 

electrodes for micro-supercapacitor electrodes. Atomic Force Microscopy (AFM) technique is used to 

investigate the relationship between the specific surface of sputtered films with the electrochemical 

capacitance measured in aqueous electrolyte. AFM measurements reveal that a 7.9 µm-thick W2N film 

exhibits 75 cm2 per cm2 specific area. The areal capacitance of such thick W2N film reaches 0.55 F.cm-2 

/ 700 F.cm-3 in 1M KOH. To the best of the authors’ knowledge, this value represents the best 

capacitance published up now for tungsten nitride electrodes and more generally for transition metal 

nitride films. 

 

METHODS 
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Sputtering deposition of tungsten nitrideSputtering deposition of tungsten nitrideSputtering deposition of tungsten nitrideSputtering deposition of tungsten nitride    thin filmthin filmthin filmthin filmssss    

Prior to the deposition of VN thin films, a highly dense Si3N4 layer (300 nm) was deposited by low 

pressure chemical vapor deposition technique (LP CVD) at 800 °C (flow rates: 60 sccm for NH3 and 20 

sccm for SiH2Cl2) on the top of the silicon wafer in order to prevent the etching of this substrate by the 

aqueous electrolyte (KOH and LiOH) used in electrochemical experiments. Tungsten nitride thin films 

were afterward deposited by reactive magnetron sputtering (Ar / N2) from a pure 4” tungsten target 

(99.9 %) using a CT200 Alliance Concept reactor. Before the deposition, the pressure was kept below 

10-6 mbar and the target-substrate distance was fixed at 6 cm. During the deposition, power density, 

pressure and argon flow rate were fixed, respectively, at 1.3 W.cm-², 2.5 x 10-2 mbar and 28 sccm, while 

nitrogen flow rate, temperature and deposition time were tuned to find the best performance. 

Characterizations of the Characterizations of the Characterizations of the Characterizations of the tungsten nitridetungsten nitridetungsten nitridetungsten nitride    thin films thin films thin films thin films     

Electrical measurements were performed by Foucault current using a Semilab WT 2000PVN 

contactless equipment. In this purpose, the thin films were deposited on a high resistivity silicon wafer 

(R > 5000 ohm.cm). A Zeiss Ultra 55 scanning electron microscope (SEM) was used to determine the 

morphology (cross section and top view analyses) of the films (thickness).  

Structural properties were examined by X-ray diffraction using a Rigaku Smartlab diffractometer 

equipped with a 9 kW rotated anode. For room temperature experiments, a double Ge (100) 

monochromator equipped with 0D detector was used with (pure Kα,1, λ = 1.54056 Å), while for high 

temperature in-situ study, a Bragg-Brentano configuration equipped with a 1D DTEX detector was 

preferred ( average Kα1,2 radiation, λ = 1.5418 Å)) to speed up the acquisition. In this last configuration, 

a 2° offset of the substrate was applied to avoid detector saturation due to the high intensity of the 

(100) silicon peak. JANA 2006 software was used to refine the cell parameters [33]. 

Surface analyses were performed by X-Ray Photoelectron Spectroscopy using a Physical Electronics 

type 5600 equipment. All the spectra were fitted with the Multipak ECSA software: peak deconvolution 

was achieved with asymmetric Gaussian-Lorentz functions and a Shirley background was applied. W 4f 
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spectra of the sputtered films were fitted with a 4f 7/2 – 4f 5/2 doublet separation of 2.17 eV and with 

area ratios of 4:3. The film quantification was performed on the survey and the high-resolution spectra 

(W 4f, N 1s and O 1s core levels) using the CasaXPS software. Only the values extracted from the high-

resolution spectra were used. 

AFM  (Atomic Force Microscope) Dimension 3000 (Bruker) was used in intermittent contact mode 

with antimony doped Si cantilever  (resistivity : 0.01 – 0.025 Ohm.cm, frequency resonance ranging 

from 130 to 250 kHz –with a  constant stiffness k ∼ 48 N.m-1 ) to determine the  average roughness 

and the surface morphology of the VN films (WSxM 5.0 software) [34]. Taking advantage of the free 

software Gwyddion, by P. Klapetek, D. Necas and C. Anderson (version 2.45, 2016) for the analysis of 

the AFM images, we determined the projected length Lp of the column/pillar, i.e. the total perimeter 

of the columns measured by the projection of the pillar boundary on an horizontal plane which 

position was adjusted in order to get a maximum value for Lp  i.e.  to avoid a coalescence phenomenon 

(in such a case, the software does not discriminate the top of the columns but detects  aggregates  : Lp 

is therefore underestimated).  As the surface analysis could depend on its location across a 3 inches 

silicon coated wafer, we performed measurements on the four quarter of the wafers, and in each 

quarter, the AFM scan sizes were 3 x 3, 4 x 4 and 5 x 5 µm2. So, all the data (roughness and Lp) were 

averaged over 12 measurements and the dispersion of the measured roughness and Lp, for each 

average, was between 3 to 10 %.  Assuming a cylindrical shape of the columns, the specific surface 

area Se of the columns was deduced from Lp times the film thickness.  The surface values are given for 

an equivalent top surface of 1 cm2. This approach could underestimate the exact value of the 

developed surface since the columns have not a perfect cylindrical shape but contain some additive 

3D features. Nevertheless, it allowed determining the evolution of Se versus the growth conditions of 

the film.  

The electrochemical analyses of the thin films were carried out by cyclic voltammetry with a VMP3 

potentiostat / galvanostat (Biologic) using a conventional three-electrode setup in 1M KOH or LiOH 
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(0.1M, 0.5 and 1M) aqueous electrolytes. The reference and the counter electrodes were Hg/HgO and 

a platinum wire, respectively. The tested samples sandwiched between the bottom and the top parts 

of a Biologic flat cell. The tested area were delimited by an O-ring (0.4 cm2). 
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RESULTS AND DISCUSSION 

Structural analyses are reported in figure 1figure 1figure 1figure 1. X-Ray diffraction patterns confirm the formation of 

tungsten nitride (WxNy) thin films when nitrogen is used as a reactive gas inside the sputtering reactor. 

In all the diffractograms (figure 1a)(figure 1a)(figure 1a)(figure 1a), the peak at 2θ = 33 ° corresponds to the λ/2 contribution of the 

(100) silicon substrate when the substrate is perfectly aligned, i.e. in our case, in the high resolution 

configuration used at RT. For pure W film (N2 = 0 sccm), two Bragg peaks are identified in the 

diffractogram. While the strong peak at 2θ = 40 ° is attributed to the (110) diffraction plane of the 

cubic metallic tungsten (047-1319 pdf file), the peak at 2θ = 36 ° matches with the (200) Bragg plane 

of the same metal. When nitrogen is mixed with argon within the sputtering chamber, three peaks are 

clearly observed in each diffractograms at 2θ ~ 37°, 2θ ~ 43° and 2θ ~ 62° respectively. According to 

the position of these Bragg peaks, only W2N or W0.62NO cubic phases (025-1257 or 025-1254 pdf files) 

can match with the diffractograms taking into account a shift of all the reflection peaks towards lower 

2θ values probably due to stress issues. Such observations are classically reported for sputtered 

transition metal nitride films [35,36] exhibiting compact / dense morphology owing to the atomic 

peening and adatoms diffusion effects [37]. High energetic particles bombard the film surface leading 

to the insertion of excess atoms into interstitial sites, in turn leading to the expansion of the lattice 

parameter. We could not fit the diffractograms with the tungsten nitride (WN, 025-1256 pdf file) or 

W0.75NO (025-1255 pdf file) crystallographic structures thus indicating an atomic concentration of 

tungsten below 70 % in all the sputtered thin films. A steady increase of the nitrogen flow during the 

sputtering process leads to a shift of the (111) Bragg peak toward lower 2θ value (figure 1bfigure 1bfigure 1bfigure 1b) indicating 

an expansion of the lattice parameter due to excess of N atoms [35,36]: the higher the nitrogen 

concentration, the higher the lattice parameter (figure 1cfigure 1cfigure 1cfigure 1c    ––––    right axisright axisright axisright axis). Such XRD analysis is essential to 

determine the crystallographic structure of sputtered tungsten nitride films but, regarding the position 

of the Bragg peaks, only W2N or W0.62NO phases could fit with the experimental diffractogramms 

when the nitrogen flow rate is limited to 11 sccm in the sputtering gas. To dismiss one phase regarding 

the other, the quantification of the elements within the tungsten nitride film is essential. The film 
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composition is plotted in figure 1c (left axis)figure 1c (left axis)figure 1c (left axis)figure 1c (left axis) and the quantification is determined from XPS spectra. 

The plots of the atomic ratio reported in figure 1cfigure 1cfigure 1cfigure 1c clearly show the progressive decrease of the W / N 

ratio when the N2 flow rate is increased following the same conclusion already reported for sputtered 

tungsten nitride films [35], and confirming the formation of W2N phase instead of W0.62NO compound 

(W / N ~ 2). The progressive shift of the (111) Bragg peak (at ~ 37°) toward low 2θ theta value when 

nitrogen concentration in the plasma increases tends to converge to the (100) peak of the WN 

theoretical pattern at ~ 35 ° (025-1256 pdf card). Nevertheless, based on our sputtering conditions, 

the N2 concentration in the plasma is too low to form the WN structure.  

The electrical conductivity was studied as a function of the N2 flow rate (figure 1dfigure 1dfigure 1dfigure 1d). Not surprisingly, 

the higher the nitrogen concentration, the lower the electrical conductivity. The electrical conductivity 

shifts from 33 000 S.cm-1 for pure W film down to 220 S.cm-1 when the N2 flow rate is close to 11 

sccm. Such measurement clearly supports the pertinence of the study since W2N films are intended to 

be used as a bifunctional material for micro-supercapacitor, i.e. as a current collector and an electrode 

material. 

XPS analyses are depicted in figure 1e figure 1e figure 1e figure 1e (N 1s and W 4f core levels) and    figure SI1 figure SI1 figure SI1 figure SI1 (O 1s and C 1s core 

levels). These surface analyses allow studying the chemical bonding configuration. The sputtered 

tungsten nitride films are exposed to air before XPS measurements. Consequently, the survey scan 

reveals the presence of W, N and O elements with carbon contamination (not shown here). A shift of 

the XPS peaks is observed in the W 4f energy region as the nitrogen concentration increases during 

the sputtering process. Four peaks are classically observed in the W 4f spectra. At low binding energy 

(30 – 35 eV), two peaks are attributed to the W 4f 7/2 and W 4f 5/2 doublet while the two other peaks 

(∆E = 2.17 eV)  in the high energy region (35 – 40 eV) match with the ones of WO3 [35,38,39], 

confirming the presence of tungsten tri-oxide in all the sputtered tungsten nitride films. Not 

surprisingly, the peaks in the low energy region (31 – 35 eV) shift as a function of the nitrogen flow 

rate. For pure W film, the W 4f peaks are located at 31.5 and 33.8 eV respectively. When the nitrogen 
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partial pressure increases, the W 4f peaks progressively shift to 33.0 and 35.2 eV respectively: such 

binding energies are typically reported for W2N compound [35,39,40]. The N 1s core level spectrum 

reported in figure 1cfigure 1cfigure 1cfigure 1c confirms this assumption with a W-N binding energy close to 397.2 eV (main 

contribution) typically observed for W2N. No additional peaks are observed in the N 1s core level 

spectra at an energy level lower than 398 eV thus demonstrating the non-oxidized form of the 

transition metal nitride films[24,41]. As no peaks are assigned to WxOy oxide in the XRD patterns, we 

suppose to the formation of sputtered W2N films as a “the core” material surrounded by a very thin 

“shell” of amorphous or crystallized tungsten oxide (WO3). Further investigations are needed to 

confirm this assumption. 

The electrochemical investigations are reported in figure 2figure 2figure 2figure 2. As shown in table 1table 1table 1table 1, many TMN exhibit 

high capacitance when cycled in aqueous electrolyte containing OH- ions [18,31,42,43]. Not 

surprisingly, the CV of pure W film does not show any redox peaks when cycled in 1M KOH (figure 2afigure 2afigure 2afigure 2a). 

The CVs of W2N films deposited with different N2 flow rates are shown in figure SIfigure SIfigure SIfigure SI2222 and figure 2bfigure 2bfigure 2bfigure 2b when 

tested in 1M KOH electrolyte. The CV at N2 = 3 sccm exhibits a rectangular shape at low sweep rate 

which becomes slightly distorted at higher sweep rate (figure SIfigure SIfigure SIfigure SI2222). When the N2 flow rate is increased, 

the CVs exhibits quasi-rectangular shapes for N2 = 5 and 7 sccm (figure SIfigure SIfigure SIfigure SI2222). At higher N2 partial 

pressures (N2 = 9 or 11 sccm), most of the CVs – at low and high sweep rates – are distorted (figure figure figure figure 

SISISISI2222). Nevertheless, an anodic irreversible process is observed when the W2N film is cycled up to -0.3 V 

vs Hg/HgO (figure 2b, blue curvefigure 2b, blue curvefigure 2b, blue curvefigure 2b, blue curve). Such process could be ascribed to a dissolution or to a passivation 

(change of the film surface) of W2N as observed by A. Morel et al on sputtered VN films [43]. This 

phenomenon is confirmed in figure 2cfigure 2cfigure 2cfigure 2c (blue curveblue curveblue curveblue curve) where a fade in capacitance is observed during the 

first 1600 cycles when the W2N film is cycled in 1M KOH electrolyte between -1 V and -0.3 V vs HgO. 

Moving from -0.3 V to lower potential (-0.4 V vs Hg/HgO) allows limiting this anodic irreversible 

process (figure 2b, refigure 2b, refigure 2b, refigure 2b, red curved curved curved curve) and consequently, improving the retention of the capacitance (figure 2c, figure 2c, figure 2c, figure 2c, 

red curvered curvered curvered curve) close to 100 % with no fade over 1600 cycles. To clearly compare the effect of the N2 flow 

rate onto the capacitance of the films, the volumetric capacitances are plotted as a function of the 
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sweep rate by normalizing the areal capacitance with the film thickness measured by SEM (figure 2dfigure 2dfigure 2dfigure 2d). 

The volumetric capacitance is used here for comparison purpose only since it is not the suitable metric 

for micro-supercapacitor applications [3]. At 2 mV.s-1, the film deposited at N2 = 7 sccm exhibits quite 

an impressive volumetric capacitance higher than 1000 F.cm-3. Such high value, confirms the 

pseudocapacitive nature of the W2N films. It is typically 2.5 times higher than the value [5] of carbon 

based thin film electrodes (Carbide Derived Carbon CDC, 400 F.cm-3) tested in 1M H2SO4 aqueous 

electrolyte and 2 times higher than the value of MXene electrodes (500 F.cm-3) tested in 1M KOH 

[44,45]. At lower N2 flow rate, the volumetric capacitance is lower confirming the use of N2 = 7 sccm as 

the best candidate. To confirm the role of OH- anions in the charge storage process, we perform some 

electrochemical analysis of the W2N deposited at N2 = 7 sccm in LiOH based electrolyte with different 

concentrations (from 0.1M to 1M). As expected, the CVs at 10 mV.s-1 exhibit rectangular shape thus 

confirming the pseudocapacitive nature of the W2N films (figure 2efigure 2efigure 2efigure 2e). The lowest concentrated LiOH 

electrolyte induces lower areal capacitance (figure 2ffigure 2ffigure 2ffigure 2f) and the capacitance at 1M LiOH is at the same 

level of magnitude than the capacitance measured in 1M KOH confirming the role of hydroxyl ions in 

the charge storage mechanism of W2N films. 

The electrochemical performance of the W2N films deposited at room temperature (RT) was studied in 

the previous paragraph where the pseudocapacitive behavior of tungsten nitride thin films was 

highlighted. Nevertheless, it was not possible to keep a high areal or volumetric capacitance at high 

sweep rate. To reach this goal, the electrical conductivity has been improved following the same 

approach that the one published by C. Lethien and coworkers for vanadium nitride thin films [42]. As a 

matter of fact, the deposition of W2N films was achieved on silicon wafer at high temperature, i.e. by 

maintaining the temperature of the substrate at a high value during the deposition. The electrical and 

electrochemical analyses are reported in figure 3figure 3figure 3figure 3. The electrical conductivity is shown in figure figure figure figure 3333aaaa 

where an increase of the electrical conductivity is observed as the deposition temperature is increased 

from RT to 700 °C. Such improvement of the film conductivity is due to a film densification and / or a 

release of the trapped nitrogen into the interstitial sites outside the W2N structure [36]. Such 
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hypothesis is confirmed by XRD patterns reported in figure SIfigure SIfigure SIfigure SI3333 where a shift of the Bragg peaks 

towards the higher two theta values is observed, thus leading to a decrease of the lattice parameter. 

Regarding the film morphology depicted in figure 3bfigure 3bfigure 3bfigure 3b, the progressive film densification is evidence as 

expected with an increase of the deposition temperature. The figurefigurefigurefiguressss    3c3c3c3c and 3d3d3d3d report on the 

evolution of the cyclic voltammograms obtained with different electrochemical windows, between -

0.4 V and -1.3 V vs Hg/HgO (figure 3cfigure 3cfigure 3cfigure 3c) and between -1.0 V and -0.2 V vs Hg/HgO (figure 3dfigure 3dfigure 3dfigure 3d). As 

previously observed for sputtered vanadium nitride films [42,43] and for sputtered W2N deposited at 

RT, large irreversible cathodic and anodic processes are depicted. Such irreversible processes, 

confirmed by electrochemical impedance spectroscopy (figure 3efigure 3efigure 3efigure 3e) are not suitable for long term 

cycling where not only the coulombic efficiency of the film is impaired but also the capacitance 

retention. When the measurement is performed outside the electrochemical stability window of the 

electrode, the Nyquist plot changes towards a non-capacitive behavior (non-vertical line) at low 

frequency. The CVs of the sputtered W2N film deposited at 600 °C are shown in figure 3ffigure 3ffigure 3ffigure 3f. The CVs 

seem to be less distorted when cycled at high sweep rate but the film capacitances, normalized by the 

thickness (i.e. the volumetric capacitance), are lower than the capacitance values reached at RT (figure figure figure figure 

3g3g3g3g). The capacitance retention of W2N films is depicted in figure 3hfigure 3hfigure 3hfigure 3h over 10 000 cycles at 50 mV.s-1. 

Not surprisingly, long term cycling do not degraded the electrochemical performance which 

demonstrate the interesting potential of tungsten nitride film for micro-supercapacitor applications. 

Film densification, resulting from better adatoms diffusion occurring during the sputtering process, 

decreases the inter-columnar spacing and limits the accessible surface for the liquid electrolyte. 

Consequently, the capacitance value reaches a steady state after several hundredth of cycles as shown 

in figure 3hfigure 3hfigure 3hfigure 3h. Hence, there is no added value to deposit W2N film at high temperature especially with 

regards to micro-supercapacitor applications. Furthermore, from industrial and environmental points 

of view, the development of fast deposition process at room temperature is clearly an attractive 

solution to promote the fast technological transfer towards pilot production line.  
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Nevertheless, the technological readiness level (TRL) of micro-supercapacitors stays at a low level, i.e. 

at the lab scale, due to the difficulty to achieve the homogeneous deposition of active materials on 

large sale substrate limiting the collective fabrication of many miniaturized energy storage devices on 

silicon wafer. Indeed, vapor deposition techniques are widely developed in the semiconductor 

industry and sputtering facilities are the main deposition tools used for the development of 

commercially off the shelf lithium based micro-batteries [46,47]. A way to improve the performance of 

on chip micro-supercapacitors is to increase the material mass loading of sputtered W2N electrode. To 

reach this goal, the thickness of the W2N films was progressively increased by tuning the deposition 

time (figure 4figure 4figure 4figure 4aaaa). The cross section imaging by SEM is reported in figure SIfigure SIfigure SIfigure SI4444aaaa----dddd. As expected, based on 

the optimized deposition parameters, the columnar growth is maintained when the film thickness 

moves from 177 up to 7930 nm.  The corresponding AFM top view images are reported in figure SI4SI4SI4SI4eeee----

hhhh. As the W2N thickness increases, the morphology of the film changes slowly, from grains (associated 

with the top of the columns) with homogeneous size (figure SI4efigure SI4efigure SI4efigure SI4e) to grains with small and bigger sizes 

(figure SI4hfigure SI4hfigure SI4hfigure SI4h), concomitantly leading to a decrease of the projected length Lp. Indeed, the bigger the 

grain size, the smaller Lp. Assuming a homogeneous filling of a square area (scanned area with side 

dimension = a) with numerous circles (diameter = D), the sum of the perimeters of the circles (i.e. Lp in 

our case) is given by Lp = π a2 / D. Consequently, Lp decreases when D increases.  As shown in ffffigure 4bigure 4bigure 4bigure 4b, 

the average roughness of the W2N films increases from 1.5 to 18 nm as the thickness of the films 

moves from 177 to 7930 nm. This is in agreement with the maximum height of the grains which varies 

from typically 55 nm to 180 nm, as illustrated in figurefigurefigurefiguressss    SI4SI4SI4SI4eeee----hhhh. For thicker W2N films, the roughness 

varies slowly, meaning that the roughness is less and less sensitive to the thickness. Similar 

conclusions could be done for Lp that is getting less thickness-dependent as depicted in figure 4cfigure 4cfigure 4cfigure 4c. 

Typically, Lp decreases from 34 to 9 µm as the WN thickness moves from 177 to 7930 nm. A steady 

state of the Lp value is then observed for thickness greater than 2000 nm.  As the thickness reaches 

such value, the morphology of the W2N columns varies slowly giving rise to the observed conclusions 

for the roughness and the projected length Lp. According to the variation of Lp, Se increases from 
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typically 6 to 75 cm2 per cm2. This linear behavior is interesting since it shows that the growth is 

homogeneous and it is therefore possible to increase Se (and therefore the capacitance) simply by 

increasing the thickness. 

While AFM top surface analyses clearly demonstrate the improvement of the specific surface, the 

electrochemical performance have to be evaluated in 1M KOH in order to highlight the pertinence of 

our approach and to find the potential limitations. The CVs at 5 mV.s-1 of numerous samples exhibiting 

different thicknesses are reported in figure 4dfigure 4dfigure 4dfigure 4d and 4e4e4e4e: all the samples were tested in 1M KOH between 

-1 and -0.4 V vs Hg/HgO. The cyclic voltamogramms of all the samples exhibit a quasi-rectangular 

shape characteristic of pseudocapacitive electrodes and the surface capacitance is reported at 

different sweep rates in figure 4ffigure 4ffigure 4ffigure 4f. It can be pointed out a similar shape of all the plots. The thicker the 

W2N layer, the higher the surface capacitance of the films. While 177 nm-thick films (figure 4ffigure 4ffigure 4ffigure 4f) exhibits 

a low surface capacitance (20 mF.cm-2), the 7930 nm-thick W2N sample shows a maximum areal 

capacitance close to 550 mF.cm-2 at 2 mV.s-1. Regarding the capacitances reported in table 1table 1table 1table 1, the value 

obtained here seems to be one of the highest capacitance value reported up to now for nitride thin 

films deposited with industrial deposition technique widely developed in semiconductor industry. We 

observe a good correlation and a linear relationship between the specific surface extracted from AFM 

measurement and the areal capacitance ((((figure 4gfigure 4gfigure 4gfigure 4g))))    measured in 1M KOH at 5 mV.s-1    demonstrating 

the pertinence of the methodology that was used to determine the specific surface of thin films by 

AFM. This is confirmed by electrochemical analysis: for 783 nm-thick W2N film, C = 58 mF.cm-2 which is 

1/10 of the capacitance measured for the thicker film (7930 nm). Moreover, the increase in film 

thickness does not seem to lead to a maximum in the capacitance, even up to 7930 nm and further 

studies are needed to determine the potential limitation of our strategy. Finally, the volumetric 

capacitance of the W2N was reported as a function of the film thickness (figure 4hfigure 4hfigure 4hfigure 4h). When the mass 

loading is very low, the volumetric capacitance is 1150 F.cm-3 taking into account a 177 nm-thick film. 

The capacitance decreases down to 700 F.cm-3, which seems to be an equilibrium value, as soon as the 

thickness is higher than 2000 nm. This interesting value is higher than numerous MXene bulk 
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electrodes [48]. Nevertheless, as mentioned previously, volumetric capacitance is not the suitable 

metric for micro-supercapacitors which are surface-dependent device. Indeed, we observe in figure 4hfigure 4hfigure 4hfigure 4h 

the effect of mass loading onto the electrochemical performance when thin or thick layers are 

deposited as already pointed out by P. Simon and coworkers [49,50]. For MSC applications, the mass 

loading is generally low and numerous papers report the performance in F.cm-3, mWh.cm-3 or W.cm-3 

while several guidelines are published [3,51] on this topic in order to invite the scientific community 

working on micro-supercapacitor to use surface metrics (F.cm-2, mWh.cm-2 and mW.cm-2). 

Conclusion.Conclusion.Conclusion.Conclusion.    In this work, we have successfully deposited tungsten nitride films on silicon wafer by 

magnetron sputtering technique. The films deposited at room temperature have demonstrated the 

best performance as compared to films deposited at higher temperature. Sputtered W2N films (up to 

7.9 µm-thick) deliver interesting areal (550 mF.cm-2) and volumetric capacitances (> 700 F.cm-3) , 

confirming the pseudocapacitive nature of W2N films.  Atomic Force Microscopy has been used to 

evaluate the specific surface of tungsten nitride thin films. The thicker W2N film (7.9 µm) exhibits up to 

75 cm2 specific surface per cm2 footprint area. A linear relationship between the surface capacitance 

and the measured specific surface was also evidenced. Further investigations are currently on going to 

increase the film thickness and so the areal capacitance of sputtered tungsten nitride electrodes. Thus 

the design of new micro-supercapacitors using W2N electrodes can be envisioned. 
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List of the figList of the figList of the figList of the figures and figure captionures and figure captionures and figure captionures and figure caption 

MaterialMaterialMaterialMaterial    RefRefRefRef    CapacitanceCapacitanceCapacitanceCapacitance    ElectrolyteElectrolyteElectrolyteElectrolyte    ThicknessThicknessThicknessThickness    Potential Potential Potential Potential 
window (V)window (V)window (V)window (V)    

MoMoMoMoxxxxNNNN    [13] 50 mF.cm-2 0.5M H2SO4 15 µm 0.6 

VNVNVNVN    [18] 1340 F.g-1 1M KOH - 1.2 

VNVNVNVN    [52] 850 F.g-1 1M KOH - 1.2 

VNVNVNVN    [53] 2.5 mF.cm-2 1M KOH 0.1 µm 0.6 

TiNTiNTiNTiN    [54] 26 mF.cm-2 0.5M K2SO4 0.77 µm 0.7 

TiNTiNTiNTiN    [24] 35 mF.cm-2 0.5M H2SO4 0.98 µm 0.8 

CrNCrNCrNCrN    [55] 15 mF.cm-2 0.5M H2SO4 1.1 µm 0.8 

CrCrCrCrNNNN    [56] 40 mF.cm-2 0.5M H2SO4 1.1 µm 0.8 

TiN TiN TiN TiN     [57] 69 mF.cm-2 1M LiOH 4 µm 0.6 

MMMMooooNNNN    [57] 52 mF.cm-2 1M LiOH 4 µm 0.6 

TiNTiNTiNTiN    ////    MMMMooooN N N N     [57] 121.5 mF.cm-

2 
1M LiOH 4 µm 0.6 

RuNRuNRuNRuN    [23] 6 mF.cm-2 1M KOH 0.45 µm 0.9 

VNVNVNVN    [27] 225 F.g-1 1M KOH 150 µm 1 

TiNTiNTiNTiN    [27] 150 F.g-1 1M KOH 151 µm 1 

VNVNVNVN    ////    TiNTiNTiNTiN    [27] 250 F.g-1 1M KOH 152 µm 1 

VNVNVNVN    [43] 19 mF.cm-2 1M KOH 0.28 µm 0.6 

VNVNVNVN    ////    TiNTiNTiNTiN    [58] 24 mF.cm-2 1M KOH 0.24 µm 0.9 

NbNbNbNb4444NNNN5555    [59] 220 mF.cm-2 1M H2SO4 17.4 µm 0.6 

MoNMoNMoNMoN    [28] 55 mF.cm-2 0.5M Li2SO4 0.75 µm 0.9 

WNWNWNWN    [29]  *29 F.g-1 5M LiCl - 1 

MoMoMoMo----WWWW----OOOO----
NNNN    

[32] 0.172 mF.cm-

2 
1M H2SO4 - 0.8 

VNVNVNVN----CNTFCNTFCNTFCNTF    [26] 600 mF.cm-2 3M KOH 7.5 µm  

ββββ----WWWW2222NNNN    [21] 0.060 mF.cm-

2 
1M KOH - 0.8 

γγγγ----MoMoMoMo2222NNNN    [21] 0.256 mF.cm-

2 
0.1 M H2SO4 - 0.8 

    [21] 0.223 mF.cm-

2 
0.1M HBF4 - 0.8 

    [21] 0.092 mF.cm-

2 
0.1M [(C2H5)4N]2SO4 - 0.8 

    [21] 0.259 mF.cm-

2 
0.1M [(C2H5)4N]BF4 - 0.8 

VNVNVNVN    [21] 0.615 mF.cm-

2 
0.1M KOH - 1.1 

    [21] 0.171 mF.cm- 0.1M K(CF3SO3) - 1.1 
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2 

    [21] 0.6 mF.cm-2 0.1M [(C2H5)4N]OH - 1.1 

    [21] 0.16 mF.cm-2 0.1M [(C2H5)4N](CF3SO3) - 1.1 

VNVNVNVN    [42] 220 mF.cm-2 1M KOH 3.4 µm 0.6 
The capacitances are given in mF.cm-2 or F.g-1 depending on the synthesis / deposition methods which lead to the synthesis 

of powder or thin films electrodes. “ * ” Estimated capacitance based on C = 5 F.cm-3 and mass loading = 168 mg.cm-3. “ - “ 

means that the thickness is unknown. 

Table 1Table 1Table 1Table 1 – Overview of the transition metal nitride electrodes used for electrochemical capacitors or 

micro-supercapacitors 
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Figure 1 Figure 1 Figure 1 Figure 1 –––– a/b.a/b.a/b.a/b. X-Ray diffraction analyses of the tungsten nitride thin films deposited at different N2 

flow rates. c.c.c.c. Evolution of the lattice parameter and the atomic ratio according to the nitrogen flow 

rate. The quantification of the elements is extracted from XPS spectra. d.d.d.d. Evolution of the film 

conductivity vs the N2 flow rate.    e.e.e.e. High resolution XPS core level spectra of the tungsten nitride films 

vs the concentration of nitrogen in the sputtering gas: focuses of the N 1s and W 4f core levels are 

highlighted. For a sake of clarity, the samples are numbered using the “28 / Y” format where 28 

corresponds to the argon flow rate (28 sccm) used during the sputtering process and Y the N2 flow rate 

(in sccm).  
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Figure 2 Figure 2 Figure 2 Figure 2 –––– Electrochemical analyses of the tungsten nitride films deposited at room temperature on Si / 

Si3N4 substrate. aaaa.... CV of the pure tungsten film measured in 1M KOH electrolyte at 10 mV.s-1. b.b.b.b. CV of 

the sample deposited with N2 = 7 sccm flow rate and tested in two different electrochemical windows. 

c.c.c.c. Evolution of the capacitance vs the number of cycles using two different electrochemical windows. 

d.d.d.d. Volumetric capacitance vs sweep rates and N2 flow rates. e. e. e. e. CV of the best sample (deposited with 

N2 flow rate = 7 sccm) tested in several concentration of LiOH aqueous electrolyte. f.f.f.f. Evolution of the 
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areal capacitance vs the scan rate in LiOH electrolyte. For a sake of clarity, the samples are numbered 

using the “28 / Y” format where 28 corresponds to the argon flow rate (28 sccm) used during the 

sputtering process and Y the N2 flow rate (in sccm). 
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Figure Figure Figure Figure 3333    –––– Electrical and electrochemical performances of W2N films deposited at high temperature. a.a.a.a. 

Plot of the electrical conductivity vs the deposition temperature. b.b.b.b. SEM morphologies of the four 

samples under test. c.c.c.c. and d.and d.and d.and d. CVs of the sample deposited at 600 °C and tested in 1M KOH at 2 mV.s-1  

with various lower and upper cut-off potentials. e.e.e.e. Electrochemical impedance spectroscopy of the 

sample deposited at 600 °C. f.f.f.f. CVs in 1M KOH at different sweep rates. g.g.g.g.  Volumetric capacitances vs 

the scan rate in 1M KOH electrolyte. For a sake of clarity, the samples are numbered using the “28 / Y” 

format where 28 corresponds to the argon flow rate (28 sccm) used during the sputtering process and 

Y the N2 flow rate (in sccm). h. h. h. h. Capacitance retention as a function of the number of cycles in 1M KOH 

at 50 mV.s-1 (10 000 cycles). An inset of the CV after 10 000 cycles is reported to demonstrate the 

good electrochemical performance of the sputtered W2N films.  
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Figure 4 Figure 4 Figure 4 Figure 4 ––––    Evolution of W2N performance vs film thickness.    a. a. a. a. Film thickness measured by SEM vs 

deposition time. b. . b. . b. . b. Plot of the roughness vs the W2N thickness.        c. c. c. c. Evolution of the specific surface and 

projected length vs the thickness. d.d.d.d. and e.and e.and e.and e. CVs of various samples exhibiting different thickness 

measured at 5 mV.s-1 in 1M KOH. f.f.f.f. Plots of the areal capacitance vs the sweep rate. g.g.g.g. Evolution of the 

areal capacitance extracted from electrochemical measurement vs the specific surface, extracted from 

AFM analyses. h.h.h.h. Volumetric capacitance of W2N films vs the thickness. 
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Supplementary materialsSupplementary materialsSupplementary materialsSupplementary materials    

 

 

Figure Figure Figure Figure SISISISI1111    ––––    XPS core levels spectra of O 1s and C 1s of the sputtered tungsten nitride thin films vs the 

nitrogen flow rates. For a sake of clarity, the samples are numbered using the “28 / Y” format where 

28 corresponds to the argon flow rate (28 sccm) used during the sputtering process and Y the N2 flow 

rate (in sccm). 
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Figure SI2 Figure SI2 Figure SI2 Figure SI2 ––––    Electrochemical analysis of four samples deposited at room temperature with various 

nitrogen flow rates. For a sake of clarity, the samples are numbered using the “28 / Y” format where 

28 corresponds to the argon flow rate (28 sccm) used during the sputtering process and Y the N2 flow 

rate (in sccm). 
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Figure Figure Figure Figure SI3SI3SI3SI3    ––––    XXXX----ray ray ray ray diffractogramms of W2N samples deposited at RT, 500, 600 and 700 °C respectively. 
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Figure Figure Figure Figure SI4 SI4 SI4 SI4 ----    SEM cross sections (a-d) and top view AFM analyses (e-h) of various W2N samples with 

different thicknesses. 

Determination of the projected lengthDetermination of the projected lengthDetermination of the projected lengthDetermination of the projected length    

In the following part, we illustrate the way we determine the projected length. A 3.15 µm-

thick sample is used as an example (scanning area = 25 µm2, i.e. 5 x 5 µm2). The images and 

the projected length are obtained using the free software Gwyddion.  

We start from the scanning AFM image (Figure SI5Figure SI5Figure SI5Figure SI5). 

In order to increase the selectivity of the analysis, we transform z to z2 (Figure SI6Figure SI6Figure SI6Figure SI6). This 

operation does not change the base of the grain but only their height are changed, which 

does not matter for the analysis. 
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Figure SI5 Figure SI5 Figure SI5 Figure SI5 ---- AFM image, 5 µm x 5 µm 

 

Figure SI6Figure SI6Figure SI6Figure SI6 - Square of the image 

Thus, we apply a mask to the image (defined with a given percentage of the height, the so 

called mask threshold) This mask selects a fraction of the grains, by moving the z position of 

an horizontal plane on which the selected grains are projected. The projection is the so-called 

projected length. As illustrated in the table SI1-, we search the maximum for the projected 

length by tuning the threshold.  

 

Mask Threshold (%) Illustration of the 

selected grains 

Projected length 

(microns) 
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16 

 

284.3 

18 

 

289.5 

20 

 

273 

 

Table SI1Table SI1Table SI1Table SI1    ---- Procedure used to determine the projected length 

The variation of the projected length versus the threshold is given in the figure SI7figure SI7figure SI7figure SI7. 
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Figure SI7 Figure SI7 Figure SI7 Figure SI7 ---- Variation of the projected length versus the threshold 

From this procedure, we deduce that the maximum length is equal to 289.5 µm, for an area 

of 25 µm2 , i.e. a value of 11.58 µm for a one micron square.  This analysis is repeated for 

different image sizes and at different spots on the surface, leading to an average value 

determined over 12 measurements. 

 

 

 


