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This study delves into the impact of substrate bias voltage on vanadium nitride thin films deposited via DC magnetron sputtering.
By increasing the substrate bias voltage from 0 to —200 V, the microstructure of the films changes from crystalline and porous to
amorphous and dense. This obvious change in microstructure is due to atomic peening effect, which is the sputtering of the film by
energetic cations at high bias voltage during thin film growth. For capacitive storage devices, it is known that the microstructure of
the electrode is key to achieve high capacitance, with the aim to maximize the electrode surface area and concomitantly the areal
capacitance, while keeping a low characteristic time to achieve fast charge/discharge rates. In this study, we reveal that a trade-off
must be found between areal capacitance and characteristic time. Samples sputtered with low substrate bias voltages present higher
areal capacitance but also higher characteristic time compared to thin films sputtered with high substrate bias voltages. The
evolution of the characteristic time associated with fast charge/discharge aligns with the electrical conductivity of VN films as
determined by four-point probes measurement and indicates that the cycling rate is limited by electrical properties of the VN film.
© 2025 The Author(s). Published on behalf of The Electrochemical Society by IOP Publishing Limited. This is an open access
article distributed under the terms of the Creative Commons Attribution 4.0 License (CC BY, https://creativecommons.org/
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For almost two decades, vanadium nitride has been
studied as potential electrode material for supercapacitors and
microsupercapacitors.' The synthesis of nanosized VN powder is
often challenging and difficult to scale up. This is the main reason
why most of the research works on VN has been dedicated to the
deposition of VN thin films.*” Indeed, VN coatings are commonly
used in various domains such as cutting and drilling tools.'® These
coatings are typically deposited by reactive DC sputtering, using a
metallic vanadium target and nitrogen as the reactive gas. This
deposition method is highly compatible with microelectronics fabrica-
tion processes, enabling the production of interdigitated VN-based
electrodes for use in microsupercapacitor applications. Besides, the
synthesis of a solid-state electrolyte has been developed which enables
the fabrication of all solid state microdevices with quite interesting
performances.'’

From a fundamental point of view, the charge storage mechanism
of VN has been investigated and the predominant pseudocapacitive
charge storage has been evidenced,*”*'? although at fast charging/
discharging regimes the capacitive double layer process brings an
additional significant contribution to the overall capacity of the
electrodes.

Although our previous studies aimed at investigating the influ-
ence of the deposition conditions™'? on the electrochemical perfor-
mances of VN thin film electrodes, advanced deposition techniques
were used which will not be compatible with high production rates.
For example, reactive high power impulse magnetron sputtering
(HiPIMS) was used to improve the corrosion resistance of VN
coated steel, but the reported parameters of this technique cannot be
compared to our own investigations due to the major differences in
the two deposition techniques.'® Therefore, we have studied more
basic sputtering deposition process, using room temperature and
standard deposition pressures in order to demonstrate the feasibility
of large scale manufacturing processes. Our study aims to emphasize
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the link between deposition parameters of basic sputtering deposi-
tion process and the electrochemical properties of VN thin film
electrodes operated in microsupercapacitor device.

As fast charging/discharging regimes are expected for micro-
supercapacitors similarly to their bulk counterpart, the balance of
areal capacitance and characteristic time associated with charge/
discharge is a major issue for achieving usable electrodes. Two main
parameters have been identified for standard sputtering process,
which can be easily adjusted: the bias voltage of the substrate and
the thickness of the deposited layer. For clarity purpose, the study of
these parameters have been divided in two parts. For each part we
use the model developed by Coleman et al. to fit experimental
data,”_”’ thus leading to the determination of electrochemical
properties such as the maximum capacity of the electrodes and their
characteristic time associated with charge/discharge. Although this
model has been used for bulk composite electrodes for battery or
supercapacitor application, its use for thin film electrode is inves-
tigated in the present study. The results provided by the model
further helps to propose practical solutions for optimizing VN
electrodes in designing microsupercapacitor.

In this part of the study, the analysis of substrate bias voltage
effect on the morphology and microstructure of vanadium nitride
thin films reveals that atomic peening takes place at high substrate
bias voltage values. Atomic peening is the bombardment of the thin
film by energetic particles during deposition, which can lead to
densification and amorphisation of the thin films. The electroche-
mical performance in 1 M KOH aqueous electrolytes combined with
a semi-empirical fitting model allows to understand the high rate
limitations and to find a substrate bias voltage value to reach optimal
electrochemical performance regarding both capacity and character-
istic time associated with charge/dicharge of the samples.

Materials and Methods

Reactive sputtering.—Sputtering Deposition of VN Thin Film:
Prior to the deposition of VN thin films, a highly dense Si3;N, layer
(300 nm) was deposited by low pressure chemical vapor deposition
technique (LP CVD) at 800 °C (flow rates: 60 sccm for NH; and
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20 sccm for SiH,Cl,) on the top of a silicon wafer in order to prevent
the etching of the substrate by KOH (1 M) electrolyte used in
electrochemical experiments. VN thin films were deposited by
reactive magnetron sputtering (Ar/N,) from a pure 4 in. vanadium
target (99.9%) using an Alliance Concept DP650 reactor. Before the
deposition, the pressure was kept below 107® mbar and the target-
—substrate distance was fixed at 6 cm. During the thin film deposi-
tion, target power, argon and nitrogen flow rates were fixed,
respectively, at 150 W, 40 sccm and 2 scem. In this study, the VN
properties were investigated as a function of substrate bias voltage.
The substrate was not intentionally heated. Pressure was set at
9.6 x 107> mbar during the deposition process. The deposition time
was fixed at 31 min in order to obtain samples with thicknesses in
the range of 220 nm. Although there is no intentional introduction of
molecular O, in the reactor, films contain a significant fraction of
oxygen, which is explained by oxidation during exposure to air, due
to the high getter property of vanadium and porosity of the films.
This is why the obtained VN thin films also contain a significant
fraction of amorphous vanadium oxide. Our results suggest that the
films are composed of two distinct phases: vanadium nitride in the
bulk and vanadium oxides at the surface.'’

Thin film characterization.—Room temperature XRD data were
obtained using a Bruker “D8 Advance” diffractometer operated in
Bragg-Brentano geometry with a Cu anode sealed X-ray tube and a
focusing Ge(111) primary monochromator (selecting the Cu Kal
radiation; A\ = 1.540598 A). We used a 1-D silicon-strip position
sensitive detector (“LynxEye” detector) with an active area of 3.7°
20 (goniometer radius: 217.5 mm).

SEM measurements were conducted on a ZEISS Merlin instru-
ment, in secondary electron configuration.

XPS measurements were conducted on a Kratos Axis Ultra
Instrument, using a monochromated Al Ka source (1486.6¢V)
operating at 225 W. Wide range spectra were realised prior to core
level measurements of the different elements detected with pass
energy of 80 eV. The pass energy and the step scan to measure the
region of interest were fixed to 40 eV and 0.1 eV, respectively. The
typical probed depth was 10 nm over a 700 x 300 pm? zone. The
dwell time and number of sweeps were chosen such as the highest
XPS peak of the selected zone exhibits, at least, 100 000 counts.
Charge neutralization was used when acquiring the spectra. The
energy calibration was set from Cls signal allotted to adventitious
carbon (C—C bonds) fixed at 284.9 eV. Using CasaXPS software,'®
the elemental composition was determined from the area under Cls,
Ols, V2p and N1s peaks after removal of a Shirley-type background.

Conductivity measurement were performed by four-points probe
method using a pro4 device from Lucas Labs connected with a
Keithley 2601 A system source-meter. The software used to run
those experiments was Pro4 and the measurements were performed
applying a current of 10 mA with a 5% tolerance.

The topography of the samples was characterized in air using a
Nanowizard II atomic force microscope (AFM) (JPK Instruments,
Berlin, Germany) operating in the intermittent contact mode. Tips
used were made of silicon (PPP-NCHR, Nanosensors).

Electrochemical measurements.—Aqueous electrochemical
measurements were performed in 1 M KOH aqueous electrolyte
using three electrode cell. Hg/HgO was used as reference electrode
and a platinum wire as the counter electrode. Nitrogen bubbling was
carried out prior to measurement to eliminate dissolved O, from the
electrolyte. The potential window was fixed between —1 V and
—0.4V vs Hg/HgO reference electrode to avoid any side reaction
and/or additional sample degradation.'’

Organic medium electrochemical measurements were performed
in 0.1 M Tetraethylammonium tetrafluoroborate (TEATFB) in
acetonitrile (ACN) electrolyte under air atmosphere using three-
electrode cell. Silver wire was used as quasi-reference electrode
(QRE) and a platinum wire as the counter electrode. The potential
window was fixed between —0.7V and 0.2V vs silver quasi-

reference electrode to avoid any side reaction and/or additional
sample degradation.

VMP3 potentiostat/galvanostat (Biologic) monitored by EC-lab
software, was used for data collection and data treatment. The
protocol to analyse the electrochemical properties was the same for
all samples: (i) 50 activation cycles at 20 mV.s~' were performed
before measurements. (ii) CV measurements were realised with scan
rates ranging from 5 to 10 000 mV.s~' in aqueous media and from
10 to 10 000 mV.s~' in organic media. All measurements were
conducted at a temperature of 295 K.

Electrochemical impedance spectroscopy (EIS) measurements
were performed with a AC signal with an amplitude of 10 mV
between 100 mHz and 1 MHz at open circuit voltage (OCV).

Results and Discussion

In this study, the effect of substrate bias voltage during vanadium
nitride thin film deposition using DC magnetron sputtering process
was investigated. Substrate bias voltage was varied from 0V to
—200 V. For ease of understanding, the term “increase” of substrate
bias voltage is used to depict the increase in absolute value from 0 to
—200 V.

Top-view and cross-section SEM images of vanadium nitride
thin films deposited with increasing substrate bias voltages are
presented in Fig. 1. Columnar growth typical of sputtering degosi-
tion process is observed for all samples (Figs. 1(f)—(j)).3’4’7’9’10’ O At
the surface, 30—40 nm-large pyramids representative of the top of the
columns are seen for samples sputtered with bias voltages of 0 V and
—50 V (Fig. la, 1b). Those morphologies are expected for low
values of bias voltages, as described by Lethien et al.>*7:2:1020.21
However, when bias voltage exceeds —100 V (Figs. lc-le), the
surface morphology gradually flattens and shifts to a cauliflower-like
structure'"*! typically observed after a densification process.

Atomic force microscopy measurements were performed in order
to get information on the surface morphology of the thin films. For
the samples sputtered at 0 V and —50 V (Figs. 1k and 1), one can
observe the pyramidal microstructure previously described. Pyramid
dimensions of 30—40 nm correspond to those measured by top-view
SEM analysis. A high RMS (root mean square) roughness of 2.4 nm
is measured. When the bias voltage is increased (from —100 V to
—200 V), we observe a clear decrease of the RMS roughness to
1.1 nm, which agrees with a “flattening” and a shift to a cauliflower-
like structure.

This change in microstructure from a pyramidal to a caulifiower-
like surface morphology when substrate bias voltage is increased can
be explained by so-called atomic peening effect, which is described
in Fig. 2.2>** With the increased negative bias voltage on the
substrate, the kinetic energy of sputtered metal cations and argon
cations is increased in the direction of the substrate. At high bias
voltage values, ions arriving on the substrate/film with high energy
can sputter in turn the growing film. Thus, there is a trade-off
between deposition (of neutral species mostly) and re-sputtering (by
cations), which directly impacts the microstructure. It generally
induces a densification of the microstructure and a decrease in the
crystallinity as compared to films grown at low bias voltage values,
for which the atomic peening effect is negligible. This densification
may also be explained by higher energy brought to the film by
energetic cations, which increases atoms surface diffusion, as for
HiPIMS (High Power Impulse magnetron sputtering) processes.>*
Figure 2b indicates a small decrease of thickness mean value, from
255nm to 215nm (corresponding to deposition rates from
8.2nm.min"" to 6.9 nm.min"') when the bias voltage increases
from O V to —200 V. This decrease of film thickness is in line with a
densification of the film.

The in-plane electronic conductivity of the samples was measured
using four-points-probe method. Results are presented in Fig. 2c. A
clear increase in conductivity with substrate bias voltage is observed.
The conductivity increases from 1876 S.cm~! to 5341 S.cmfl, almost
three times higher, when bias voltage increases from 0 V to —200 V.
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Figure 1. (a)-(e) SEM top-view and (f)—(j) cross section images and (k)-(0) AFM scans images of vanadium nitride thin films sputtered for 31 min with bias

voltage ranging from 0 V to —200 V.

These results are explained by thin film densification. Indeed, the in-
plane conductivity is highly dependent on the tortuosity of the films
and the inter-columnar spacing. As the film density increases with bias
voltage, the inter-columnar spacing decreases, which facilitates the
transport of charges in the in-plane direction. We note that the highest
value obtained (5341 S.cm™') remain lower than bulk vanadium
nitride conductivity (1.6 x 10* S.cm™"),>> which is explained by the

columnar structure of the film, but is higher than most values reported
in literature for vanadium nitride thin films.” This shows the benefit of
polarizing the substrate to maximize the electrical performance of VN
films.

XRD measurements were performed in the 10° to 80° 20 range.
All thin films present a preferential (111) orientation at 37.5° and no
other diffraction peaks were observed. A decrease of (111) peak
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Figure 2. (a) Atomic peening effect occurring during a sputtering deposition process (b) plot representing thickness and in plane conductivity vs substrate bias
voltage. (c) X-ray diffractograms of vanadium nitride thin films sputtered with bias voltage ranging from 0 V to —200 V.

intensity is observed in combination with an increase of FWHM
when bias voltage increases. Those two observations clearly indicate
an amorphization and decrease of grain size of vanadium nitride thin
films when bias voltage increases. Similarly to the SEM and AFM
results, the analysis of the samples can be divided into two groups:
low bias voltages (0 V and —50 V) and high bias voltages (from
—100 V to —200 V), with the former clearly showing higher
crystallinity than the latter.

XPS measurements were performed in order to get information
on the surface thin films composition as well as to determine the
oxidation states of vanadium. Figure 3a shows the survey scan of the
sample sputtered without substrate bias voltage. Four elements were
detected: oxygen, vanadium, nitrogen and carbon. No oxygen or
carbon was intentionally introduced in the reactor during deposition.
The presence of these two elements in the films is due to residual
oxygen in the reactor as well as air exposure before introduction in
the XPS chamber as discussed before. The evolution of thin film
composition vs substrate bias voltage is presented in Fig. 3b. In
agreement with previous results, we observe two groups of samples
at low bias voltages (0 V and —50 V) and high bias voltages (from
—100 V to —200 V), presenting distinct compositions. The
vanadium and carbon contents remain stable with bias voltage,
both around 25%, whereas nitrogen content increases from 28% to
32%, and oxygen content decreases from 20% to 16% with
increasing substrate bias voltage. The decrease in oxygen content
is in agreement with the film densification as oxygen diffusion
within the VN films is significantly hindered in dense layers.

The deconvolution of the V2p3/2 region is represented in Fig. 3c.
This deconvolution follows the work made by Biesinger et al.”*
and is based on four different components related to the oxidation
states of vanadium in VN, V,0;, VO, and V,Os. They are
respectively located at binding energies of 513.7eV, 514.3eV
515.85eV and 517.2eV.'%2%27 Based on this decomposition, the
evolution of the different components with substrate bias voltage is

presented in Figs. 3d, 3e. Clearly, vanadium with low oxidation
states tend to increase at the expense of vanadium with high
oxidation states, when substrate bias voltage increases. The VN
component slightly increases (from 20-21% to 25-26%) with
increasing bias, whereas the V,0s component decreases from
31-32% to 26-27%. The VO, and V,03 components (fitted as one
component with higher FWHM) remain stable around 48% together.
From previous results, the vanadium oxidation degrees e)é,pected to
be involved in the Faradaic reactions are V™ and V*+V.10 Here,
two \groups of samples are observed with more VN and less V,05
(V™) present at high substrate polarisations, whereas the V™™ and
V™V oxides appear to remain unchanged. These findings are
consistent with our previous study in the field using TEM-EELS
analytical tools for comparison purpose with XPS data.'”

In pseudocapacitive materials such as vanadium nitride, charges
can be stored through three different processes. First, by Faradaic
fast redox reactions taking place at the surface or near surface of the
electrode involving H' insertion through a thin layer below the
surface of the material, which is the Faradaic part. This mechanism
should result in a pair of redox peaks in the cyclic voltammograms.
Second, by purely capacitive electrochemical double layer capaci-
tance (EDLC). EDLC is directly dependent on the electrode specific
surface area. Third, by pseudocapacitive behaviour implying a
delocalization of redox potentials over the whole potential window,
as shown recently by O. Fontaine et al.>® These last two mechanisms
should lead to a box-type shape CV. One way to qualitatively
compare the specific surface area of vanadium nitride thin films is by
comparing their Electrochemical Double-Layer Capacitance (EDLC)
values, which can be assessed by cycling the thin film electrodes in
an organic electrolyte. Indeed, the lack of water molecules inhibits
the charge transfer at the electrode/electrolyte interface. As VN
is electronically conductive, only double layer capacitance is
observed. Subsequently, this cycling process in organic media
effectively eliminates both faradic and pseudocapacitive
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Figure 3. (a) Wide scan XPS spectrum of the VN thin film sputtered without substrate bias voltage (0 V). (b) Compositions of VN thin films measured by XPS.
(c) Deconvolution example of vanadium 2p3/2 region for the sample sputtered without bias voltage. (d) V2p core level of VN thin films sputtered at different

substrate bias voltages. (e) Results of the deconvolution of VN 2p3/2.

contributions. Vanadium nitride thin films were cycled in 0.1 M
tetraecthylammonium tetrafluoroborate (TEATFB) in acetonitrile
(ACN), at scan rates ranging from 10mV.s™' to 10 000 mV.s™".
Cyclic voltammograms (CV) measured at scan rate of 10 mV.s~ls
are presented in Fig. 4a for various substrate bias voltages. We can
identify side reactions (water dissociation due to air exposure of the
system during cycling) taking place at potentials lower than —0.5 V
vs Ag QRE (quasi reference electrode). For higher potentials, we can
observe a rectangular shape voltammogram typically observed for

capacitive or pseudocapacitive materials. However, as regard to the
low values of current and capacitance measured here, it is believed
that the VN films tested in organic electrolyte exhibit only pure
EDLC without pseudocapacitance. Similar observations were made
by Jrondi et al. on sputtered VN films* in ionic liquids. The areal
capacitance (EDLC) vs scan rate is presented in Fig. 4b. The thin
film electrodes prepared at high bias voltages (—100 to —200 V)
exhibit very low capacitance regardless of the scan rate. In contrast,
the electrodes prepared at low bias voltages (0 and —50 V) show
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Figure 4. (a) Cyclic voltammograms at 10 mV.s~' in 0.1 M TEATFB in ACN and (b) areal charge vs scan rate of vanadium nitride thin films sputtered with

different substrate bias voltages.

significantly higher capacitance at low scan rates, which decreases
rapidly as the scan rate increases. Since the EDLC charge is directly
proportional to the surface area, this supports the hypothesis of
growing denser films with lower surface area when applying high
bias voltages during sputtering.

The aforementioned observations, i.e. change in microstructure
(SEM, AFM and XRD), decreased thickness, increased electrical
conductivity, decrease of surface oxygen content and decrease of
EDLC capacitance with increasing substrate bias voltage are all
highlighting a densification and amorphization of the thin films due
to atomic peening at bias voltages higher than —100 V.

The next part of this paper will focus on the influence of atomic
peening on electrochemical behaviour of vanadium nitride thin
films. The electrochemical performance of sputtered VN films
with different substrate bias voltages will be discussed based on
cyclic voltammetry and impedance spectroscopy carried out in 1 M
KOH in order to get information about the rate capability of the VN
electrodes. A simple model will be used to fit capacity-rate curves
and extract the characteristic time (t) associated with charge/
discharge processes.

Figure 5a-5d show the cyclic voltammetry of VN films in 1 M
KOH from 5mV.s~' to 10 000 mV.s~'. Rectangular CV shapes
combined with a redox peak around —0.65 V vs Hg/HgO typical of
vanadium nitride are observed at 10 mV.s™" in Fig. 5a. The box-type
shape envelope has been assigned to capacitive and pseudocapaci-
tive charge storage, while the pair of redox peaks depict intercalation
of ions from the electrolyte in a thin layer at the surface of the
particles, leading to an electron transfer and a subsequent change in
vanadium oxidation state. It is clear that at low scan rate, the
intensity of the current decreases when substrate bias voltage
increases (as indicated by the black arrows), although the film
thickness does not significantly vary with the substrate bias voltage.
Samples deposited at 0 V and —50 V present comparable perfor-
mance.

At 100 mV.s™" (Fig. 5b), the same CV shape is observed but the
reduction and oxidation peaks present a shift which is particularly
large at low bias voltage values (0 V and —50 V). This mismatch
between oxidation and reduction peaks potentials indicates lower
reversibility,” suggesting that films prepared at high substrate bias
voltage would have higher reversibility. Samples sputtered with low
bias voltage are however still providing the largest CV areas, i.e.
capacity.

If the scan rate is further increased to 1000 mV.st, a switch
from capacitive/pseudocapacitive to resistive behaviour is observed
for samples sputtered at 0 V and —50 V (Fig. 5c). Samples sputtered
at —100 V and —150 V show an intermediate behaviour while the

sample sputtered at —200 V is the only one still providing a fully
pseudocapacitive behaviour at 1000 mV.s™', probably due to the
higher electrical conductivity of the sample made at —200 V (see
Fig. 2b). Samples providing the largest CV areas are then the ones
sputtered at —100 V and —150 V. It seems that when substrate bias
voltage increases, the reversibility at high scan rate increases too,
which is consistent with the conductivity measurements presented in
Fig. 2b.

Last, Fig. 5d presents the cyclic voltammograms at 10
000 mV.s~'. It clearly shows that all the samples are resistive at
this scan rate, except the one sputtered at —200 V which still present
an intermediate behaviour. This sample is the only one able to store
some charge at this scan rate, although the capacity is low.

The areal charge vs scan rate has been extracted from the CVs
and is presented in Fig. 6a. We observe that samples sputtered with
low substrate bias voltage (0 V and —50 V) provide higher charge at
low scan rate but lower charge at high scan rate, as compared to
samples sputtered with high substrate bias voltage. The highest areal
charge is obtained with the sample sputtered at 0V, presenting
8.93 mC.cm™? corresponding to 14.9 mF.cm™> or 583 F.cm™ at
5mV.s'.

Even though the charge at high scan rates is rarely presented, it
can provide interesting information about the characteristic time
associated with charge/discharge of the thin film. The evolution of
the contribution of pure EDLC capacitance to the total capacitance
determined from measurements in organic electrolyte and aqueous
electrolyte is presented in Fig. 6b at different scan rates. It highlights
the very limited contribution of double layer capacitance (EDLC) at
low scan rates, never exceeding 15% of the total charge, thus
evidencing the importance of pseudocapacitive processes at low scan
rates.”® However, the EDLC contribution increases drastically at
high scan rates for the electrodes deposited with 0 and —50 V bias
voltage. This observation can be explained by the absence of any
redox peak for samples sputtered at OV and —50 V from
1000 mV.s™". Indeed, faradaic reactions are supposed to be slower
than double layer capacitance or pseudocapacitance, which is in
agreement with the observations.

Electrochemical impedance measurements were performed and
the resulting Nyquist plots are represented in Fig. 7a for all substrate
bias. We can clearly identify a decrease of film resistance as the
Nyquist plots shift to the left when substrate bias increases.
Evolution of the resistance and the CPE constant obtained using
Zfit application in EC-Lab software with a R-CPE circuit in parallel
configuration are represented in Figs. 7b and 7c. We can identify the
decrease of the resistance with substrate bias, which is expected due
to the film densification identified previously. A decrease in the CPE
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Figure 6. (a) Evolution of the areal charge Q, vs scan rate and (b) evolution of the ratio between charge in organic electrolyte and charge in aqueous electrolyte
vs scan rate of vanadium nitride thin films sputtered at different substrate bias voltage.

constant for the electrodes deposited at high bias voltage, which
indicates a reduction in the charge stored, is also observed.

The conductivities obtained using four-point probe measurement
and electrochemical impedance measurement are compared in
Fig. 7d. It appears that the conductivity obtained using the four-
point probe measurement is more than two times higher than the
value obtained with electrochemical impedance spectroscopy.

The characteristic time associated with charge/discharge process,
T, represents the transition from capacitive/pseudocapacitive to
resistive behaviour.’® Estimating this value using CV shapes is
inappropriate due to the indistinct boundary between rectangular and
resistive shapes, leading to subjective determinations. To overcome
this challenge and obtain a clear determination of T, models have
been developed utilizing electrochemical impedance spectroscopy
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data or charge vs scan rate plots.'*° The subsequent section will
detail both of these models. tgg will be used to describe the
characteristic time associated with charge/discharge calculated using
electrochemical impedance spectroscopy and Tg, the characteristic
time associated with charge/discharge calculated using the fit of
charge vs scan rate plots.

Impedance spectroscopy has been carried out to extract the
characteristic time associated with charge/discharge tgs. Figure 7e
represents the evolution of C’ vs frequency. This value represents the
imaginary part of the capacitance C(w), defined by Eq. 1 with Z(w)
being the complex impedance, Z'(w) the real part of impedance and
w the frequency. On this graph, the characteristic time associated
with charge/discharge tg;s corresponds to the opposite of the

frequency determined at the maximum C’ value.

—-Z'()

@) =z or

(1]

Characteristic times associated with charge/discharge tgis ob-
tained using this method vs substrate bias voltage are represented in
Fig. 7f. A decrease from 2.3s to 0.076 s is observed when bias
voltage increases. These values are in perfect agreement with the
characteristic times associated with charge/discharge observed for
pseudocapacitive material tested in aqueous electrolyte.’’ This
decrease of the characteristic time associated with charge/discharge
with increasing bias voltage means that samples prepared with high



Journal of The Electrochemical Society, 2025 172 040523

bias voltage can be charged or discharged faster without major drop
in capacitance. This is most probably explained by the higher
electronic conductivity of the VN thin films deposited at high
substrate bias voltages, as well as less porous/tortuous films, both of
them due to atomic peening process resulting from the sample bias
voltage during the sputtering process.

Next, we have used a fitting model developed recently to
determine directly and simultaneously the maximum capacity,
characteristic time associated with charge/discharge and capacity
decay slope at high cycling rate for each sample. This method
consists principally in fitting the capacity vs scan rate plots, using
Eq. 2. In this equation, Q. corresponds to the measured charge, Qp,
to the maximum charge at low scan rates and R to the rate in
cycleh™. 14 is the characteristic time associated with charge/
discharge of the sample in h.cycle™" and finally n is the power law
decay at high cycling rates.

13-16

QeXP = Qm[l - (RTﬁt)n(e_(RTﬁ')in)] with R = L [2]

exp

The results are displayed in Fig. 8a and all plots present very
good fit (R? > 0.99). The maximum capacity Q,, is presented in
Fig. 8b. One can observe a very slight decrease between the samples
sputtered at 0 V and —50 V (from 12.5 mC.cm ™2 to 12 mC.cm™?)
followed by a sharp decrease of maximum capacity until —200 V.
This decrease can be explained by various factors, such as sample

a) oV |b)15

densification, which results in less accessible specific surface area.
The smaller proportion of vanadium oxides on the surface (Fig. 5b)
with increasing bias voltages can also explain the reduced capacity
as surface vanadium oxide phases are responsible for the faradaic
storage. Based on recent studies, a trade-off exists between high
capacity and cycling stability in V,0s. High proportions of V,05 on
the film’s surface increase capacity but reduce cycling stability due
to vanadium oxide dissolution in the electrolyte (V> as VO3~
ions), followed by vanadium nitride dissolution and delamination.
Adding vanadate ions to the electrolyte beforehand can prevent
vanadium dissolution from the electrode.*”

The evolution of the n parameter is shown in Fig. 8c. Values are
very close to 1 for bias voltage values between O V and —150 V. It
was previously described that the n value should be close to 0.5 for
diffusion limited systems and 1 for resistance limited systems.'*'®
This indicates that for all of those samples the factor limiting the
high-rate cycling would be the electrode electronic conductivity. For
the sample sputtered with a substrate bias voltage of —200 V (dark
green), the fitting was performed with n value forced to 1 as there are
not enough data points to fit properly the data. The goodness of fit R>
determined with n fixed to 1, or not fixed (fitted) is very similar in
both cases, as shown in SI.

The evolution of the characteristic times associated with charge/
discharge tgs and tg, vs bias voltage is presented in Fig. 8d. Even
though those two values are calculated using respectively EIS
measurements or the fitting model based on Eq. 2, they are both
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Figure 8. (a) areal charge vs scan rate of vanadium nitride thin films sputtered at various substrate bias voltages cycled in 1 M KOH. Curves are fitted using Eq.
3. (b) Evolution of maximum charge Q,, vs substrate bias voltage. (c) Evolution of n value vs substrate bias voltage. (d) Evolution of the characteristic times
associated with charge/discharge determined by EIS (in red) and fit (in black) vs substrate bias voltage.
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describing the time at which the sample presents a switch from
capacitive/pseudocapacitive to resistive behaviour. Both methods
result in comparable characteristic times associated with charge/
discharge. The overall trend evidences the decrease of characteristic
time associated with charge/discharge with increasing bias voltage.
As described previously, this decrease can be related to the VN
electrode conductivity, which is also related to its microstructure and
composition.

It appears that the semi-empiric model used is well fitted to
describe the electrochemical behaviour of pseudocapacitive vana-
dium nitride thin films. To assess the accuracy of the charge/
discharge time values derived from this model, these values were
also determined using electrochemical impedance spectroscopy. The
results obtained from both methods are in close agreement, further
validating the reliability of the model. Controlling substrate bias
during sputtering allows us to reach a wide range of maximum
stored charges as well as time associated with charge/discharge.
Vanadium nitride thin films sputtered without substrate bias are
suitable for microdevices requiring high energy, while those
sputtered with higher substrate bias offer high power capabilities,
making vanadium nitride a versatile material for energy storage in
microdevices.

Conclusions

This study investigates the microstructural and electrochemical
properties of sputtered vanadium nitride thin films prepared with
various substrate bias voltages. Various techniques including SEM,
AFM, XRD, XPS, CV, and four-point probe conductivity measure-
ments were used to investigate the effects of substrate bias voltage
on VN microstructure and composition. Here, we evidenced
amorphization and densification processes of the VN films due to
atomic peening effect at high substrate bias voltage. This was
confirmed by electrochemical measurements in organic media,
which revealed a decrease of the capacitive charge storage, e.g.
decreased specific surface area, with increasing bias voltages.

Vanadium nitride electrochemical performance in 1 M KOH as a
function of substrate bias voltage used during thin film deposition,
combined with a semi-empirical fitting model, revealed that films
sputtered with low substrate bias voltages (0 V and —50 V) exhibit
higher capacity at low scan rates but have higher characteristic times
associated with charge/discharge, whereas those sputtered with high
bias voltages (—100 V to —200 V) exhibit lower capacity and lower
characteristic times associated with charge/discharge. Indeed, the
capacity and characteristic times associated with charge/discharge of
those films are closely linked to the microstructure, especially the
porosity/density and crystallinity, which have direct impact on the
electrode conductivity. Porous and crystalline thin films provide
high capacity due to high specific surface, while dense and
amorphous films provide low characteristic times associated with
charge/discharge due to higher electronic conductivity. Hence, a
trade-off to optimize the capacity and characteristic time associated
with charge/discharge can be obtained by modifying the substrate
bias voltage. Notably, films sputtered with —50 V bias voltage
demonstrated ogtimal electrochemical performance, with a capacity
of 12 mC.cm™* (equivalent to 510 C.cm™ or 520 F.cm ™) and a
characteristic time associated with charge/discharge of 1.25s,
suggesting suitability for practical use as micro-supercapacitor
electrodes with fast charge capability.
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