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ABSTRACT 

The scaling up of wireless operating microelectronics for upcoming Internet of Things 

(IoT) applications demands high-performance micro-supercapacitors (MSCs) with 

corresponding high-energy and power capabilities. Indeed, this necessitates the quest 

for MSC’s electrode materials capable of delivering high energy density at high 

charge/discharge rates. Many multicationic oxides, such as spinel manganese-iron 

compounds, demonstrate good pseudocapacitive properties as positive electrodes in 

conventional supercapacitors. However, fulfilling the required fabrication techniques is 

a challenge for their applications in MSCs. Hence, this study, for the first time, 

demonstrates the successful deposition of spinel Mn-Fe thin films on a functional 

platinum-based current collector. The deposition is achieved in a reactive oxygen 

environment via reactive DC magnetron sputtering techniques and subsequently 

annealed ex-situ at 600 °C in a nitrogen environment. The electrochemical signature 

in neutral 1 M Na2SO4 aqueous electrolyte is comparable to those reported for spinel 

type Mn-Fe bulk counterparts. The areal capacitance at 10 mV.s-1 is 15.5 mF.cm-2 for 

1 µm thick film, exhibiting excellent coulombic efficiency (close to 100%) and long-term 

cycle stability after 10,000 cycles. Thus, the synthesis of the multicationic 

pseudocapacitive oxides via compatible microelectronic deposition methods has set a 

prospective path to achieve very high-performance MSCs for future IoT applications. 
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INTRODUCTION 

Powering the upcoming Internet of Things (IoT) technology based on miniaturized 

electronics devices in various domains require to improve the Technological 

Readiness Level (TRL) of on chip harvesting and storage microsystems to meet the 

performance demands and to ensure self-powered system with limited human 

intervention [1]. To fulfil the energy requirements, an attractive solution consists in 

combining harvested energy coming from the environment (for example: issued from 

solar, motion, thermal, or radiofrequency sources) with miniaturized electrochemical 

energy storage devices [2]. In the last few years, the development and integration of 

onboard electrochemical energy storage (EES) systems, notably metal-ion (Li-ion, Na-

ion, etc.) micro-batteries (MBs) and micro-supercapacitors (MSCs) with a footprint 

surface close to a very few millimetres square have drawn lots of attention [3]–[5]. As 

such, MSCs are characterized by high power density (>10 mW.cm-2) with high rate 

capability and long cycle life (> 100 000 cycles) but very low energy density (<0.1 

mWh.cm-2) while MBs offer high energy density (1 mWh.cm-2) but low cycling lifetime 

(< 10 000 cycles) [1]. MSCs and MBs are complementary features needed for IoT 

devices. Nevertheless, the low technological maturity of MSCs hampers the scaling up 

of the pilot production line. Indeed, optimizing the energy density without compromising 

the power density (and cycle life), and the use of deposition techniques of active 

materials that are compatible with microfabrication techniques are among the most 

important key issues for the MSCs [1]–[3], [6]. Consequently, in order to scale up the 

fabrication process of micro-supercapacitors, the electrode materials, the electrolyte 

and the current collectors have to be deposited as thin films using deposition technique 

compatible with semiconductor processing facilities. This was achieved for binary 

metal nitride (vanadium nitride [3,8], chromium nitride [10]) or for FeWO4 [2]) where 
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the electrode materials were deposited by magnetron sputtering technique. More 

specifically, we have firstly demonstrated the synthesis of FeWO4 films by magnetron 

sputtering as an efficient negative pseudocapacitive electrode (-0.6 up to 0 V vs 

Ag/AgCl) for MSC operating in aqueous neutral electrolyte (5M LiNO3). Nevertheless, 

the cell voltage of MSC based on this FeWO4 material is limited to only 0.6 V in a 

symmetric configuration (FeWO4 // FeWO4). To increase the cell voltage, it is thus 

mandatory to work in a asymmetric configuration where the multicationic (Mn,Fe)3O4 

oxide deposited by magnetron sputtering is proposed as an interesting positive 

electrode materials in aqueous neutral electrolyte. 

The energy density of MSCs is directly related to the product of the square of the cell 

voltage and its capacitance; hence maximizing either the cell voltage or/and the 

capacitance value will result in an increased energy density. Among the existing 

electrode materials, the fast and reversible faradic redox reactions occurring at the 

surface or subsurface of the pseudocapacitive electrode materials provide 

considerably superior capacitance and energy density as compared to the carbon 

based electrodes [1], [7]. A plethora of pseudocapacitive electrode materials made 

from thin film deposition methods is widely investigated. Noble or transition metal 

oxides (RuO2, MnO2) or transition metal nitride (VN, W2N, CrN) has drawn a lot of 

attention this last ten years [3], [7]–[12]. The charge storage mechanism in 

pseudocapacitive electrodes is restricted by the narrow potential window in aqueous 

electrolytes due to thermodynamic breakdown potential of water molecules (1.23 V), 

restricting the cell voltage of the MSCs to about 1 V [2], [6], [13]. Recent research 

activities have continued to focus on extending the narrow potential window in aqueous 

electrolytes, increasing the mass loading while maintaining the same footprint area, 

and developing deposition techniques compatible with microelectronic facilities [1]–[3].  
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Among the oxide-based electrodes, RuO2 and MnO2 are electrochemically active in 

their amorphous and/or hydrous form and are mainly synthesized by electrodeposition 

for MSC application where thin film deposition techniques is mandatory from the 

upscaling point of view. Unfortunately, making hydrous RuO2 or MnO2 films rules out 

a large number of appropriate deposition techniques of the semiconductor industry like 

physical vapor deposition methods [2] working under vacuum atmosphere. In contrast, 

high-density multicationic oxides (ternary transition metal oxides) with one transition 

metal ion and one electrochemically active or inactive metal ions, have been widely 

investigated as an alternative solution with a promise of being compatible with 

semiconductor deposition techniques [2] to be integrated in a technological process on 

pilot production line. The co-existence of two different cations in a single crystal 

structure could improve the electrical and electrochemical performance via both higher 

electrical conductivity than their constituting binary metal oxides, and multiple oxidation 

states [14], [15]. Recent research has shown that Mn-based spinel, particularly 

MnFe2O4, demonstrate a wide working potential range in aqueous medium and a 

pseudocapacitance mechanism close to that of MnO2, suggesting favourable 

properties for both high-energy and power applications [16]–[20]. However, most 

studies conducted on such compounds as electrode materials for electrochemical 

capacitor have been focused on bulk materials issued from a slurry of active materials 

mixed with conductive agent and binder (i.e. thick films) which have limited scope in 

MSC applications due to the non-compatibility of such synthesis process with 

cleanroom facilities [13], [16], [17], [19]–[22].  

Here, we propose to develop Mn-based spinel thin films via reactive magnetron 

sputtering deposition technique (fully compatible with cleanroom usually encountered 

in microelectronic industry), to study and to optimize the structure/properties 
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relationships. Hence, establishing desirable and stable sputtering deposition 

conditions, which is a crucial prerequisite to prepare reproducible, high quality Mn-

electrode films as thin as possible for MSC application with high performance metrics, 

is the major focus of this study. The deposition parameters as well as the condition of 

the post annealing deposition process were carefully studied to provide spinel Mn-

based films with good electrochemical performance. 

METHODS 

Film preparation 

Prior to the thin film deposition, a [100] oriented silicon wafer was preliminarily coated 

with a stacked layer of Al2O3 (80 nm) / Cr (3 nm) / Pt (50 nm).  The Al2O3 layer was 

deposited by Atomic Layer Deposition (ALD) in a PicoSun R200 reactor and acts as a 

diffusion barrier layer to prevent the platinum silicide (Pt-Si) formation occurring during 

the annealing process [2], [23]–[25]. The Cr and Pt layers were successively 

evaporated on the oxide layer by Plassys MEB 550 S equipment, acting as adhesive 

(between the oxide and Pt) and current collector layers respectively. The spinel Mn-

films were subsequently deposited from an equimolar Mn/Fe (50/50) metallic single 

target (diameter 4 inch, 99.95%, Neyco) on the Pt current collector using magnetron 

sputtering cluster CT200 from Alliance Concept.  

The films were sputtered under a mixed argon-oxygen atmosphere at room 

temperature while operating power and target to substrate distance were fixed at 100 

W and 6 cm respectively, and  kept constant throughout the experiment. The films 

preparation was carried out in three steps. The first part was to investigate the effect 

of the oxygen content on the film phase composition and sputter-yield by increasing 

the reactive oxygen gas flow from 0 sccm to 3.5 sccm, keeping constant the argon flow 

at 50 sccm, the deposition time at 30 minutes and the operating pressure at 3 x 10-2 
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mbar. In a second step, to study the reversibility, the deposition was repeated by 

reversing the oxygen gas flow from 3.5 sccm to 0 sccm. The second segment of the 

optimization process was devoted to the evolution of the film thickness, at an operating 

pressure of 3 x 10-2 mbar under mixed oxygen/argon (2/50 sccm) atmosphere, as well 

as the concomitant changes in the electrochemical behavior. Finally, the last segment 

studied the variation of the film porosity at different operating pressures of 1 x 10-2 

mbar, 3 x 10-2 mbar and 5 x 10-2 mbar sputtered under mixed oxygen/argon (2/50 

sccm) atmosphere; for performance comparison, the deposition time was 

systematically adjusted to obtain 1 µm film thickness for each pressure. All the as-

deposited amorphous Mn-Fe films were ex situ annealed at 600 °C for 2 hours in a 

tubular horizontal furnace (Ceradel, TH1200/TML100/500/13-2z) under a pure 

nitrogen atmosphere to crystallise to the expected phase, the temperature was ramped 

up from room temperature to the annealing temperature with a heating rate of 10 

°C.min-1 and was left cooled down to room temperature. 

Structural analyses 

The film crystal structure was analyzed by a Rigaku Smartlab diffractometer (9 kW 

rotating anode) in Bragg-Brentano configuration equipped with a Hypix detector using 

a Cu Kα1+2 radiation to record the diffractograms in 1D mode at 0.01°.step-1. A 2° out-

of-plane offset was applied between the sample and the detector to suppress the 

strong substrate signals coming from the high intensity of the (100) silicon reflection 

[2]. An in situ high temperature X-ray diffraction (HT-XRD) analysis was performed 

using an Anton-Paar DHS1100 furnace on the sample sputtered at 3 x 10-2 mbar under 

mixed oxygen/argon (2/50 sccm) atmosphere to study the phase evolution of the 

sample with the temperature, simulating the annealing process. The film was heated 

from 50 °C to 850 °C under various atmospheres (air, vacuum (Figure S2) and nitrogen 
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Figure 2a), the scan and heating rates were set at 10 °·min−1 (between 2θ = 15° and 

50°), and 3 °C·min−1, respectively. The cell parameters were refined using the JANA 

2006 crystallographic program [2]. 

Microstructural analyses 

The film's cross-section and surface morphology views, as well as thicknesses 

evolution, were characterized by a scanning electron microscope (SEM, Zeiss Ultra 

55). The images were processed using ImageJ software by examining the volume 

fraction of the films to estimate the percentage of porosity [26]–[28].  

Electrochemical analyses 

The electrochemical measurements were performed using a Multi-channel VMP3 

potentiostat (Bio-Logic), and conducted in flat cells using a conventional three-

electrode setup. Mn-Fe thin film, silver-silver chloride electrode (Ag/AgCl) and a 

platinum wire were assembled in neutral aqueous 1M Na2SO4 electrolyte as positive 

electrode, reference electrode and counter electrode respectively.  
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RESULTS AND DISCUSSION 

Phase evolution of the sputtered Mn-Fe film  

The spinel Mn-Fe film was obtained in a two-step procedure, i.e. sputtering deposition 

of the amorphous films on the Pt current collector in a first step, followed by a post-

deposition ex-situ annealing to crystalize to the expected spinel phase (see Fig. 1a.) 

The annealing conditions value (600°C, under pure N2 atmosphere) will be discussed 

later on. The relationship between the reactive oxygen content and the deposition rate 

of the films (made at room temperature) was first explored while keeping fixed several 

other deposition parameters (operating power, pressure, deposition time, and Ar flow 

of 100 W, 3 x 10-2 mbar, 30 min, and 50 sccm respectively) to establish the suitable 

sputtering parameters used to deposit manganese-iron  films under reactive 

atmosphere. Figure 1b shows the evolution of the deposition rate with the O2 flow. 

There is no linear relationship between the film thickness (i.e. the deposition rate) and 

the oxygen flow rate. This behaviour is in fact commonly observed in many reactive 

sputtering processes, as reported in the literature [29]–[31]. In summary, it can be 

observed during the reactive sputtering process (under Ar / O2 atmosphere) that: 

- the deposition rate is significantly high at low O2 flow rate (called “metal mode”), 

- an abrupt decrease of the deposition rate starting from 1 sccm is encountered (called 

“transition region”), 

- and further increase of the reactive gas flow results in a noticeably flat low deposition 

rate (from 1.5 sccm upward, called “compound mode”).  

This can be explained by the fact that at low supply, the reactive O2 molecules readily 

find sufficient sputtered metal atoms (species) to react with, but further increase in O2 

flow leads to a formation of a compound on the surface of the target as there are fewer 
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metal atoms available to react with [32]–[34]. The drastic decrease of the film thickness 

(i.e. the deposition rate) between 1 sccm and 1.5 sccm (Fig. 1c) indicates that the 

target surface has become oxidized and is no longer purely metallic; this transition from 

the “metal mode” to the “compound mode” is characterized as target poisoning effect 

[31], [32], [35] which has to be managed in case of the deposition of oxide films by 

magnetron sputtering methods. Consequently, at a low oxygen flow rate, the deposited 

film is mainly metallic with a high deposition rate (i.e. metal mode), while at a sufficient 

oxygen flow rate, fewer sputtered species are available for reaction with the supplied 

gas, resulting to a lower deposition rate at the compound sputtering mode (i.e. reactive 

mode). In addition, at low O2 flow rate, a film delamination problem was encountered 

after post-deposition annealing (Fig. S1). The high stress occurring at the interface 

between the platinum layer and the (Mn, Fe) oxide film is probably responsible for this 

delamination process. Indeed, in the metallic mode, iron and manganese metals react 

with the platinum layer during the annealing process, as observed by XRD (Fig. 1d).  

The deposition sequence was repeated in the reverse order, i.e. while decreasing the 

reactive O2 gas flow from 3.5 down to 0 sccm, in order to study the plasma behaviour 

of the mixed argon-oxygen gas and the deposition process stability. The sputtering 

process did not immediately move to the metal mode (as observed between 1.0 and 

1.5 sccm during the increasing cycle). Not surprisingly, a shift of the abrupt transition 

at a lower flow rate between 1 and 0.5 sccm is observed, giving rise to a closed-loop 

(hysteresis region) between 0.5 and 1.5 sccm with a relatively wide separation width 

(Fig. 1b). Such loops with a hysteresis effect has already been observed and the 

separation width between the two abrupt transitions denotes the width of the hysteresis 

region [29], [30], [33], [34], [36]. In contrast to phase formation at 1 sccm during 

increasing cycle, the obtained film indicate spinel manganese-iron phase at the same 
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flow rate during the decreasing cycle, as confirmed by XRD (Fig. 1d). It is very 

challenging to maintain a stable process in the transition mode region (O2 flow rate 

close to 1.0 sccm) between the metallic and the reactive modes. Thus, we have to use 

conditions with an oxygen flow rate enabling both a stable deposition process and a 

single spinel phase. The structural behaviour of the films with different oxygen contents 

varying from 1.5 to 3.5 sccm were studied in details by XRD (Fig. 2a). The reflections 

at 2θ=40°, 46° and 67.5° corresponds to the (111), (200) and (220) lattice plane of the 

platinum layer (current collector) respectively (JCPDS PDF 00-004-0802), while the 

peak at 2θ=36° is due to the Kβ X-ray emission line of the (111) platinum plane, as a 

high flux configuration was chosen (i.e. without monochromator, but with only a Ni filter) 

[37]. The remaining peaks (2θ = 18°, 30°, 35°, 56° and 62°) are characteristic of a cubic 

spinel structure which crystallized into the space group Fd3𝑚, identified by the JCPDS 

card 01-074-2403 or 01-075-0035. The former corresponds to the MnFe2O4 phase, 

and the second to the FeMn2O4 structure: the theoretical diffractograms of these two 

phases (MnxFe3-xO4; x = 1 or 2) are similar, meaning that the XRD characterization 

method cannot distinguish between MnFe2O4 and Mn2FeO4. We decided to formulate 

this film (Mn,Fe)3O4, in good agreement with XRF and EDX chemical analyses 

performed on “thick” films (not shown here) indicating a 50-50 metal cation distribution. 

Thus, the experiment has clearly demonstrated that it is impossible to obtain a single 

phase in the metallic mode of the deposition process (O2 flow lower than 1 sccm). 

Likewise, obtaining a reproducible single spinel-type in the transition mode region (O2 

flow around 1 sccm) is not practicable, due to the unstable sputtering process in this 

zone. Therefore, the deposition of a single Mn-Fe phase from a single Mn:Fe (1:1) 

metallic target is only obtainable in the reactive mode as confirmed by the XRD 

analysis (Fig. 2a).  
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A sample deposited with 2.0 sccm of O2 flow (510 nm-thick) was afterward selected to 

determine the suitable post-deposition annealing conditions by performing in situ high-

temperature X-ray diffraction (HT-XRD) analyses under various atmospheres. The 

choice of 2.0 sccm flow rate was to avoid the unstable deposition process region, and 

to be close enough to the transition mode to easily recover a pure metallic target. 

Phase evolution of the film heated from 50 °C to 850 °C was monitored in air, under 

vacuum (Fig. S2, supporting information), and under inert nitrogen gas environment 

(Fig. 2b) to determine the best post-deposition annealing conditions required to obtain 

a single Mn-Fe spinel phase. The SEM cross sections of the selected sample (as 

deposited and after HT-XRD experiment) are presented in Figure 2c. The as-

deposited sample is amorphous and exhibits porous columnar structure with highly 

homogenous morphologies, which is typically expected using such sputtering 

conditions at this deposition pressure (3 x 10-2 mbar) according to the Thornton’s 

structure zone model (SZM) [38]. After the heat treatment at 850 °C, the columnar 

morphology was completely collapsed and changed to a dense compact film, with 

reduced thickness by about 60 nm (from 510 nm to 450 nm). The XRD 

thermodiffractograms were recorded at the scan and heating rates of 10 °.min−1 

(between 2θ = 15° and 50°), and 3 °C.min−1 respectively. Depending on the 

atmosphere in the furnace, the conclusions are significantly differents. For film heat-

treated under air, the reflection peaks identified at 2θ = 33°, 38° and 49° in the low 

temperature region (between 50 °C and 600 °C) are assigned to the maghemite type 

cubic structure space group Ia3 of (γ-Mn,Fe)2O3 with the JCPDS card 01-039-0238 or 

01-065-7467, corresponding to γ-Fe2O3 or γ-Mn2O3 respectively. The maghemite γ-

Fe2O3 phase ultimately occurs at low-temperature (thermal) oxidation and is unstable, 

it easily coverts to hematite (α-Fe2O3) phase or bixbyite (β-Fe2O3) phase when 
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subjected to thermal alteration [39]–[43]. In addition, γ-Mn2O3 is reported to behave 

similarly as γ-Fe2O3, and spontaneously transforms to α-Mn2O3 or β- Fe2O3 under heat 

treatment [44], [45]. At 600 °C, additional reflection peaks at 2θ = 23° and 45° were 

observed while the previous peaks had intensity surge, the diffraction patterns were 

indexed in a bixbyite type cubic structure with space group Ia3 of (Mn,Fe)2O3 (JCPDS 

PDF 01-076-0076) (Fig. S2). The evolved bixbyite phase from maghemite phase could 

be attributable to the thermally induced transformation or alloying process between 

Fe2O3 and Mn2O3 during the HT-XRD analysis [46]–[48]. All other detected peaks are 

assigned to the Pt current collector.  

In contrast, it is clearly seen that the films remained amorphous from 50 °C to 600 °C 

under vacuum or nitrogen atmosphere, where only Pt reflection peaks are detected. At 

600 °C under primary vacuum, additional reflection peaks at 2θ = 18°, 30°, 35° and 

42.5° were observed along that of bixbyite type cubic structure with space group Ia3 of 

(Mn,Fe)2O3 observed in air, the additional peaks were indexed in a spinel type cubic 

structure with space group Fd3𝑚 of (Mn,Fe)3O4 (JCPDS PDF 01-074-2403; 01-075-

0035), indicating a multiphase oxide film. On the contrary, a single spinel phase was 

detected, along with that of assigned to Pt, in flowing nitrogen environment (Fig. 2b). 

In summary, the atmosphere-controlled high temperature X-ray diffraction analysis has 

clearly shown that, under air, it is impossible to obtain the expected spinel structure. 

Similarly, a single (Fe,Mn)3O4 spinel phase would be difficult to obtain under vacuum 

during post-deposition annealing process. Therefore, it is clear that to obtain the 

expected spinel manganese-iron compound as a pure phase, both nitrogen gas 

environment and temperature higher than 600 °C are mandatory during the post-

deposition.  
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To determine the optimal post-deposition annealing temperature, two Mn-Fe films (~ 

500 nm-thick, O2 flow rate = 2.0 sccm) were annealed at two different temperatures 

(600 and 700 °C respectively). The columnar structure observed in the amorphous film 

is preserved even after the post-deposition heat treatment at both 600 °C and 700 °C 

(Fig. 3a), but a discernible modification of the porosity was observed with a slight 

distortion of the self-organized columns at 600 °C. However, when the annealing 

temperature was raised to 700 °C, a small shrinkage and larger columns (as compared 

to 600 °C) can be observed from the SEM micrograph, indicating a sintering process. 

The observed sintering process can be explained by coalescence phenomena where 

the inter-column spacing is reduced to form a larger column, resulting from the 

molecular movement through the continuous phase, due to the increased thermal 

energy [49]–[51]. The XRD main reflection peaks (2θ = 18°, 30°, 35°, 36.6°, 52°, 56° 

and 62°) are assigned to the (Mn,Fe)3O4 spinel structure (JCPDS card 01-074-2403 or 

01-075-0035) while the remaining peaks are attributed to the  platinum current 

collector(Fig. 3b). The electrochemical behaviour of the films was investigated by 

cyclic voltammetry (CV) in neutral aqueous electrolyte (1M Na2SO4) at different scan 

rates (Fig. S4). The CV curves of the films at 10 mV.s-1 are displayed in Figure 3c and 

the corresponding extracted surface capacitance reported in Figure 3d. The quasi-

rectangular CV curves measured between 0 and 1 V vs Ag/AgCl are comparable to 

those reported for bulk (Mn,Fe)3O4 in the literature [13].It was shown by in situ X-Ray 

Absorption studies, both at manganese and iron K-edges that the charge storage 

mechanism in crystalline (Mn,Fe)3O4 material involves charge transfer at both the Mn 

and Fe cations, balanced by the contribution of the proton coming from the KCl or NaCl 

aqueous electrolyte. Our study was performed in Na2SO4 aqueous neutral electrolyte; 

in that case, alkaline (Na+) ions and/or protons (H+) could participate to the redox 
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process in our thin films. The large redox peaks observed in Fig. 3c within the 0.6 – 

0.8 V potential ranges could be attributed to the charge transfer occurring at the Fe 

cation sites, as proposed by N. Wu et al [17], [52]. The surface capacitance values of 

the samples annealed at 600 °C and 700 °C respectively was evaluated at different 

scan rates from 2 up to 200 mV.s-1. We observe that the areal capacitance (~15 mF.cm-

2 at 2 mV.s-1) at 600 °C doubles that of the one measured (~7.5 mF.cm-2 at 2 mV.s-1) 

for the sample annealed at 700 °C, while the amount of active material (i.e. the film 

thickness) is similar (~ 500 nm) in the two cases. The sintering process occurring at 

700 °C reduces the specific surface of the (Mn,Fe)3O4 films and thus the number of 

active sites easily accessible by the aqueous electrolyte. Considering the surface 

capacitance values of the 500 nm-thick (Mn,Fe)3O4 films annealed at 600 °C, the 

corresponding volumetric and gravimetric capacitance values are evaluated close to 

300 F.cm-3 and 75 F.g-1 respectively taking into account a bulk density of 4 g.cm-3 

(corresponding to 80 % of the theoretical value (~5 g.cm-3) owing to the porous 

morphology of the magnetron sputtered films). The gravimetric capacitance value is 

similar to the one measured by N. Wu et al on bulk MnFe2O4 powder electrode [17], 

[20], [52]. It can be noted that a capacitance of 15 mF.cm-2 over a 1V potential window 

corresponds to 0.18 electron per mole of (Mn,Fe)3O4 films. Similar values (0.25 

electron per mole of MnFe2O4 [17] and 0.17 electron per mol of MnO2 [53]) were 

reported for powder-based electrodes. This clearly points out that not all the electrode 

material is affected by the electrochemical charge storage and that only a layer at the 

surface of the porous (Mn,Fe)3O4 films is electrochemically active.  

Consequently, the optimized electrochemical performance of the (Mn,Fe)3O4 thin films 

were achieved using a 600 °C annealing temperature. The cycling stability of the 

sputtered films was evaluated in 1M Na2SO4 electrolyte and the capacity retention was 
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measured close to 100% after 10,000 cycles. A similar trend was observe for the 

coulombic efficiency (~ 100%) as depicted in Fig. 3e and the CV curves at 10th, 1 000th 

and 10 000th cycles are shown in the inset of Fig. 3e showing the remarkable cycling 

performance of our sputtered (Mn,Fe)3O4 films.  

Enhancement of the electrochemical performance with the thickness 

After selecting the best oxygen flow rate and the post-deposition annealing conditions, 

the influence of the film thickness is put into perspective as a key parameter to 

maximize the electrode performance. The structural and microstructural properties of 

(Mn,Fe)3O4 films with different thicknesses (from 0.5 up to 4 µm) were characterized 

by XRD and cross section SEM analyses. The films were deposited at 3 x 10-2 mbar 

under mixed oxygen / argon (2 / 50 sccm) atmosphere at different deposition times 

followed by an ex situ annealing process under pure nitrogen environment at 600 °C 

for 2 hr.  The linear dependence of the film thickness on the deposition time is 

illustrated in Figure S3a showing SEM cross sections of the amorphous films (Fig. 

S3b) with homogenous porous columnar morphologies. This microstructure is 

preserved after post-deposition heat treatment in all the samples (Fig. 4a). Concerning 

the XRD structural analysis, main peaks are assigned to both the (Mn,Fe)3O4 spinel 

structure (JCPDS card 01-074-2403 or 01-075-0035) and  to the platinum current 

collector (Fig. 3b). The electrochemical behaviour of this series of annealed Mn-Fe 

spinel compound was also investigated by cyclic voltammetry (CV) in neutral aqueous 

electrolyte (1M Na2SO4) vs the film thickness at different scan rates (Fig. S5). The CV 

plots at 10 mV.s-1 and the extracted surface capacitance values at different scan rates 

and thicknesses are displayed in Figure 3c-e. The representative CV shows the typical 

electrochemical signature of MnFe2O4 whatever the film thickness, taking into account 

a potential window ranging from 0 V to 1 V (v Ag/AgCl). The areal capacitance of the 
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films at 2 mV.s-1 is ~15, ~25, ~40 and ~80 mF.cm-2 for 500, 1120, 1900 and 3870 nm 

respectively. As expected, the surface capacitance value increases linearly with the 

thickness of the film [9] indicating thus that an increase of the mass loading improves 

the surface capacitance, which is in good agreement with the results reported by 

Robert et al. [8] for thin films electrodes made from sputtering deposition method. The 

surface capacitance values of the (Mn,Fe)3O4 electrode is compared vs state of the art 

values of binary and ternary oxide electrodes as well as nitride electrodes. RuO2 films 

(~ 200 nm-thick) deposited with magnetron sputtering in 2001 [54] showed a surface 

capacitance value of ~ 15 mF.cm-2 (taking into account a parallel plate configuration of 

a MSC with CMSC ~ 7.5 mF.cm-2). Manganese dioxide film was deposited by (Glancing 

angle deposition) GLAD technique (under vacuum) followed by an electrochemical 

oxidation process in 2002 [55] and ~ 400 nm-thick MnO2 film showed a surface 

capacitance value close to ~ 50 mF.cm-2 in 0.1M Na2SO4 electrolyte. T.M. Dinh has 

shown in 2015 [56] the electrodedeposition of MnO2 films (~ 600 nm-thick) on gold 

current collector and the surface capacitance value does not exceed 24.5 mF.cm-2 (~ 

22 mC.cm-2 over 0.9 V). The FeWO4 electrodes made by magnetron sputtering method 

in 2021 [3] by our group shows a surface capacitance value close to ~ 5 mF.cm-2. 

Consequently, the obtained surface capacitances of (Mn, Fe)3O4 films (~ 80 mF.cm-2) 

are among the best reported values up to now in the field of oxide-based electrodes 

grown by thin film deposition technique. Nevertheless, the density (and thus the 

porosity respectively) of such electrode stays at a high level (low level) for metal oxides 

deposited by magnetron sputtering technique (at room temperature) owing to the post 

annealing process used to crystallize the as-deposited amorphous film in the expected 

electroactive phase thus leading to a densification process. This is not the case of 

transition metal nitride electrodes made from sputtering technique [2, 8-10, 12] where 
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the as-deposited films are already crystallized when deposited at room temperature. 

Moreover, these nitrides films exhibit a high level of intra & intercolumnar porosities 

within the film microstructure [3, 8, 12]. In that case, the surface capacitance values of 

nitride-based electrodes could reached more than 1 F.cm-2 when pseudocapacitive 

material is considered. 

To improve the cell voltage and thus the energy density of a MSC, an attractive solution 

consists in coupling the proposed (Mn, Fe)3O4 electrode (positive potential, from 0 up 

to 1 V vs Ag/AgCl) together with a FeWO4 electrode (negative potential, from -0.6 up 

to 0 V vs Ag/AgCl) in neutral aqueous electrolyte. In that case – and taking into account 

a good charge balancing between the two electrodes - it will be expected to reach at 

least 1.6 V cell voltage. This asymmetric coupling constitutes a mid-term action as a  

perspective of this work. 

Tuning the film porosity with the sputtering deposition pressure  

An attractive solution to control the performance of thin films electrode made from 

capacitive materials consists in tuning the film porosity (or the density). To reach this 

goal, our group has already demonstrated that deposition pressure is a key parameter 

either for Li-ion micro-batteries or micro-supercapacitors applications [3], [8], [57]–[61]. 

Sputtering under high pressure has shown to favour growth films with columnar 

microstructure [3], [62], [63]. The feasibility to synthesize the spinel phase has been 

demonstrated in the previous part; this part will be devoted to study  the influence of 

the deposition pressure on the porous microstructure of the films and their 

corresponding electrochemical performance. The targeted film thickness is about 1 

µm. For a sake of clarity, to obtain three samples showing the same thickness but 

deposited at various pressures, the deposition time was modified (3 hours, 3.5 hours 

and 5 hours regarding a pressure of 1 x 10-2 mbar, 3 x 10-2 mbar and 5 x 10-2 mbar 
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respectively (Figure S6)). The other deposition parameters were kept constant (power 

= 100 W, oxygen / argon ratio = 2 / 50 sccm respectively, deposition at room 

temperature, ex situ annealed at 600 °C for 2 hours under a pure N2 environment). The 

film thickness was about 1 µm for all the deposited films as depicted in Figure 5a. 

Porous columnar structure with homogenous morphologies was observed with varying 

degree of porosity: the percentage of porosity was estimated from the SEM top view 

images using an image analysis software (ImageJ). This percentage was estimated to 

5, 17 and 25 % for the samples deposited at 10-2 mbar, 3 x 10-2 mbar and 5 x 10-2 

mbar, respectively (Fig. 5b). At 10-2 mbar, as expected, columnar microstructure of the 

(Mn,Fe)3O4 film is found to be less porous, and become more porous for higher 

pressures. This result strongly agrees with literature that reports that deposited films 

are denser at low deposition pressure due to the atomic peening effect resulting from 

high energy atoms bombardment on the film surface, thereby inducing atomic re-

sputtering in the column boundaries [8], [37]. As such, the columns become larger with 

the increasing pressure after post-deposition heat treatment, leading to increased 

specific surface area (Fig. 5b, inset). All the samples crystallize to the (Mn,Fe)3O4 

spinel structure (JCPDS card 01-074-2403 or 01-075-0035) (Fig. 5c). The lattice 

parameters (obtained by LeBail refinement) were refined from the XRD analyses and 

are to 8.4974(7) Å, 8.5154(5) Å and 8.5185(12) Å for the samples deposited at 10-2, 3 

x 10-2 and 5 x 10-2 mbar respectively. These values, close to the theoretical one (8.511 

Å), slightly increase with the deposition pressure, are consistent with previous studies 

reported in the literature [64]–[66]. The electrochemical behaviour of the different films 

exhibits quasi-rectangular CV curves at the various pressures, typically observed for a 

capacitive material (Fig. 5d). The surface capacitance evaluated at 10 mV.s-1 are close 

to ~ 11 mF.cm-2, ~ 15.5 mF.cm-2, and ~14.5 mF.cm-2 for the samples deposited at 10-
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2 mbar, 3 x 10-2 mbar and 5 x 10-2 mbar respectively (Fig. 5e and fig. S7). The areal 

capacitance increases when the pressure increases up to 3 x 10-2 mbar but stabilizes 

when the pressure is set to 5 x 10-2 mbar whatever the sweep rates as shown in Figure 

5d-e.  

CONCLUSION 

Synthesis of spinel manganese-iron(Mn,Fe)3O4 thin films has been successfully 

achieved by a two-step procedure: an amorphous film is first deposited by reactive 

magnetron sputtering deposition method on Si / Al2O3 / Cr-Pt current collector followed 

by a post-deposition ex-situ annealing step under nitrogen atmosphere, needed to 

crystallize in the expected spinel phase. The electrochemical behaviour tested in 

neutral aqueous electrolyte demonstrates characteristic pseudocapacitive CV curves 

comparable to those reported for MnFe2O4 bulk counterparts. The long-term cycle 

stability indicates that (Mn,Fe)3O4 thin film electrodes are promising for MSCs 

applications, though the obtained surface capacitance values are still low compared to 

values obtained for transition metal nitride electrodes. This work is also confirming our 

recent findings on sputtered FeWO4, i.e. that multicationic oxide thin films can be 

implemented as electrodes for micro-supercapacitor application, using deposition 

methods compatible with microelectronic facilities. Further studies on this multicationic 

oxide compounds will be focused on the evaluation of the electroactive cation(s) within 

the (Mn,Fe)3O4 films. 
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Fig. 1 | Overview of the spinel Mn-Fe film synthesis by two-step procedure: 

sputtering deposition and post-deposition ex-situ annealing. a. Schematic of the 

reactive magnetron DC sputtering process of the amorphous Mn-Fe deposited on a 

platinum-based current collector followed by the post-deposition ex-situ annealing and 

obtained Mn-Fe film. b. Deposition rate of the sputtered films at different reactive 

oxygen gas contents (blue line for sputtering at increasing O2 flow, while red line for 

sputtering at decreasing O2 flow) diluted in 50 sccm of argon flow with several other 

parameters fixed (operating power, pressure and deposition time of 100 W, 3 x 10-2 

mbar, and 30 min respectively). c. SEM cross-section images of the as-sputtered film 
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at 1 sccm of O2 flow diluted in 50 sccm of Ar (when increasing and decreasing of O2 

flow). d. Diffractogramms of the annealed Mn-Fe films in 1c. 
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Fig. 2 | Phase evolution of the sputtered Mn-Fefilm. a. Diffractogramms of the 

annealed thin films deposited on a Pt current collector substrate sputtered at different 

O2 flows diluted in 50 sccm of Ar and at room temperature with fixed operating power, 

pressure and deposition time of 100 W, 3 x 10-2 mbar, and 30 min respectively. b. 2D 

view (stacking of 1D) X-ray thermodiffractograms for the sputtered Mn-Fe (sample with 

2 sccm of O2 flow) heated from 50 °C to 850 °C under inert nitrogen gas environment 

during the in situ HT-XRD analysis c. SEM cross section images before and after the 

thermodiffraction analysis of the film. 
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Fig. 3 | Optimization of post-deposition annealing temperature. a. SEM cross 

section images of Mn-Fe films (500 nm thick) annealed at 600 °C and 700 °C. b. XRD 

diffractograms of the films. c. CV plots of the films at 10 mV.s-1. d. Evolution of the 

areal capacitance at different scan rates as the function of temperature. e. Capacity 

retention and coulombic efficiency as a function of the cycle number (inset, CVs of the 

10th and 10 000th cycles). 
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Fig. 4 | Electrochemical properties of the Mn-Fe spinel films in 1M Na2SO4 for 

various film thicknesses. a. SEM cross section analysis of the annealed films (from 

500 nm to 3800 nm film thickness). b. XRD diffractograms of the various film 

thicknesses. c. CV plots of the films at 10 mV.s-1. d. Summary of the areal capacitance 

values for the various thicknesses at different scan rates, and e. Evolution of the areal 

capacitance as the function of the thickness. 
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Fig. 5 | Structural, morphological and  electrochemical analyses of 1 µm thick 

Mn-Fe spinel thin films sputtered at room temperature and different operating 

pressure from 1 x 10-2 to 5 x 10-2 with fixed operating power, O2 and Ar flows  

of 100 W, 2 sccm and 50 sccm respectively and annealed at  600 °C during 2 

h under nitrogen atmosphere. a. SEM cross section analysis of the annealed Mn-

Fe films as a function of operating pressure. c. Evolution of the porosity and lattice 

parameter as function of the deposition pressure. c. XRD diffractograms of the films 

annealed films. d. CV plots of the films at 20 mV.s-1. e. Summary of the areal and 

volumetric capacitance of various operating pressure at different scan rates. 

 

 

 

 


