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Vanadium nitride is a highly promising material for micro-pseudocapacitors when used as a bifunctional thin film, i.e. an electrode
material and a current collector, owing to its remarkable electrical and electrochemical properties. However, the specific limitations
associated with high-rate cycling remain unclear. In this study, we evaluate how the characteristic time associated with charge/
discharge of vanadium nitride films is modified with the film thicknesses using electrochemical impedance spectroscopy and cyclic
voltammetry measurements coupled to a semi-empirical model commonly utilized to assess the high-rate behaviour of battery
electrodes. Both methodologies are in good agreement and revealed that rate capability of this bi-functional material is limited by
the VN electrical conductivity. To confirm this finding, VN thin films were sputtered on platinum current collectors, leading to a
six-fold reduction in the characteristic time associated with charge/discharge of the current collectors/electrode material. This
underscores the importance of using current collectors even for highly conductive electrode materials.
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Since 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 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."' Moreover, the
deposition of such coating often takes place via physical vapour
deposition techniques such as reactive DC sputtering, using a
metallic vanadium target and nitrogen as the reactive gas. Such
techniques are highly compatible with microelectronic processes
which makes it possible to prepare interdigitated VN based
electrodes implemented in microsupercapacitor applications Last,
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 have 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.

Our previous studies aimed at investigating the influence of the
deposition conditions”™'? on the electrochemical performances of VN
thin film electrodes, complex deposition procedures were used,
which will not be compatible with high production rates. Here, we
have studied more basic sputtering deposition process, using room
temperature and standard deposition pressures in order to demon-
strate the feasibility of large-scale manufacturing processes. As fast
charging/discharging regimes are expected for microsupercapacitors,
similarly to what is achieved for 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

*Electrochemical Society Member.
“E-mail: jeremy.barbe @univ-nantes.fr; COLEMAJ@tcd.ie; thierry.brousse @univ-
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parameters have been identified for standard sputtering process: the
polarisation of the substrate and the thickness of the deposited layer.
For clarity purpose, the study of these two 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. A similar formalism can be found on,"’
presented by Fontaine et al. using mathematica software. Although
this model has been used for bulk composite electrodes dedicated to
battery or supercapacitor applications, its use for thin film electrodes
has been investigated in the present studies. The results provided by
the model further helps to propose practical solutions for optimizing
VN electrodes in microsupercapacitor designs.

Material and Methods

Reactive sputtering.—VN thin films were deposited by reactive
magnetron sputtering (Ar/N,) from a pure 4’ vanadium target
(99.9% purity from NEYCO) using a magnetron reactor from
MHS with three 4’ targets in confocal configuration. Quarters of
4’ Si wafer with 500 nm thermal oxide layer from CODEX were
cleaned with ethanol and acetone prior to deposition. A 3 X 3 cm
mask was fixed on the wafer in order to control the deposition
region. Before deposition, residual pressure was kept below 107°
mbar and the target-substrate distance was fixed at 15cm. A pre-
sputtering step of the target is performed before the deposition: a
pure Ar plasma was ignited at 300 W to clean and deoxidize the
target surface for 3 min. Then, N, was introduced into the chamber
and the shutter was opened. During thin film deposition, argon flow
rate was fixed at 80 sccm and the substrate was not intentionally
heated. The nitrogen flow was fixed at 1.6 sccm and sputtering
power at 100 W. Pressure was set at 5.107> mbar during the
sputtering process. For all depositions, polarisation of the substrate
holder was fixed at —80 V and the substrate holder was rotating at
10 rpm staying in the center of the deposition region during the hole
deposition. The deposition time was modified from 38 min to
497 min to tune the film thicknesses from 50 to 580 nm respectively
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thickness was measured using both SEM images and profilometer.
Taking into account the pyramids in surface, the error is from +5 nm
for the 50 nm thick film to +20nm for the 580 nm thick film.
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 these two distinct phases. However, for simplicity
reasons the films will be identified as VN thin films in this work.
More information regarding characterization of those thin films are
available in Ref. 18.

For the last part, two samples were prepared: the first one with
VN films sputtered on top of a 50nm thick platinum current
collector deposited on Si/SiO, substrate, and the second one with
VN films sputtered directly on Si/SiO, substrate. Platinum current
collector was sputtered in AC450 reactor from Alliance Concept
from a 2’ platinum target (99.9%). Sputtering power was fixed at
150 W and Ar flow at 50 sccm for a sputtering time of 45 s which
lead to a final thickness of ~50 nm.

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 at 20 kV and 100 Pa. For
SEM measurements, size of the pyramids was determined using
imagelJ software on a basis of the mean value of 10 measurements.
Cross sections were made by cleaving the substrate under air
atmosphere with a diamond tip.

The apparent density of deposited materials was measured using
a microbalance (0.1 mg precision) and knowing the thickness and
surface area of thin films deposited through a 3 x 3 cm? mask during
deposition.

Conductivity measurement were performed in order to obtain the
in-plane conductivity, by 4-point probe method using a pro4 device
from Lucas Labs connected with a Keithley 2601 A system
sourcemeter. The software used to run those experiments was Pro4
and the measurements were performed applying a current of 10 mA
with a 5% tolerance.

50 nm

95 nm

Electrochemical measurements.—Electrochemical measure-
ments were performed in 1 M KOH aqueous electrolyte using a
flat cell in a three electrode configuration. The measurement zone is
a circle of 0,8 mm diameter, leading to an electrochemically active
area of 0,502 cm_z, the crocodile pinch is fixed around 1 cm from
the circle center. All measurements were conducted at a temperature
of 295 K. 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.
VMP3 potentiostat/galvanostat (Biologic) monitored by EC-lab
software, was used for data collection and data processing. The
electrochemical protocol used to characterize the films was the same
for all samples, 50 activation cycles at 20 mV.s~ ' were performed
before measurements. 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.'® CV measurements
were realised with scan rates ranging from 10 to 10 000 mV.s~".
Electrochemical Impedance Spectroscopy measurements were per-
formed at open circuit voltage (OCV) and an AC signal (amplitude
of 10 mV) with frequency range between 100 mHz and 1 MHz is
superimposed to the static OCV signal.

Results and Discussion

Thin films morphology and microstructure.—VN thin films
were deposited via reactive DC magnetron sputtering with sputtering
time varying from 38 min to 497 min in order to cover a range of
thicknesses from 50 nm to 580 nm. Samples present a columnar
structure, as shown in Fig. 1. The top of the columns tends to merge
when the thickness increases, as observed in Figs. 1c and 1d.
Therefore, pyramids observed on the surface increase in size from
18 nm to 180 nm with increasing thickness. These pyramids corre-
spond to the tops of the columns and are directly correlated with the
column size, which widens with increasing thicknesses.

Cross-sectional and top-view images indicate that the samples are
porous (Fig. 1). A closer examination (Figs. S1 in SI) reveals both
intercolumnar and intracolumnar porosities, consistent with previous
work on sputtered vanadium nitride thin films.”'*>?° The high
magnification top-view image of sample sputtered for 497 min,
presented in Fig. S1, shows that pyramids are composed of sheets of
VN on the surface, which suggests competitive growth of crystallites
with different preferential orientations, leading to the highly porous
hierarchical microstructures.

Density was measured by weighing samples before and after the
VN deposition, knowing the thickness and the surface of the films
deposited through a mask (3 x 3 cm). Results are presented in
Fig. 2a. Density remains stable around 4.5 g.cm™> as thickness

370 nm

Figure 1. SEM images of cross-section and surface of vanadium nitrides thin films sputtered of (a), (¢) 50 nm, (b), (f) 95 nm, (c), (g) 370 nm and (d), (h) 580 nm

thin films.
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Figure 2. Vanadium nitride thin film (a) density and (b) electronic conductivity (measured using 4-point probe) as a function of thickness. Dashed line in (b) is a
guideline for the eyes emphasizing the plateau reached for electronic conductivity when increasing film thickness.

increases, indicating constant porosity across the thickness range of
0-600 nm. The film compacity is approximately 75% (using
6.15 g.cm™> as the density of pure and dense vanadium nitride),
suggesting that approximately 25% of the film volume is composed
of voids.

Four-point probe measurements were conducted to obtain the in-
plane conductivity, with results presented in Fig. 2b. The in-plane
conductivity (04-probe) decreases from 2750 S.cm™ ! to 1500 S.cm™!
with increasing thickness. Those values are notably lower than the
bulk conductivity of VN (opux = 16700 S.cm™ '*'?). Multiple
parameters have to be considered to explain this difference. First, the
inter-columnar void increases the tortuosity and lateral electronic
pathway and leads to a decrease of the in-plane conductivity as
compared to bulk material. Second, those samples are polycrystal-
line with small crystallites size ranging from 10-30 nm and contain a
significant amount of 2grain boundaries, which in turn hinder
electronic conductivity.'® Finally, we previously showed that these
films are not composed of pure VN but contain a high amount
(10-30 at%) of oxygen, which will also decrease the electronic
conductivity as vanadium oxides exhibit higher resistance than
vanadium nitrides.'®

Electrochemical performance of vanadium nitride films.—The
electrochemical behaviour of vanadium nitride films was first
investigated using cyclic voltammetry. The scan rates were varied
from 1 mV.s™' to 10000 mV.s~'. The results depicted in Fig. 3
reveal distinct electrochemical signatures.”®> At lower scan rates
(Figs. 3a, 3b), the films exhibit a characteristic rectangular shape
envelope, indicative of capacitive and/or pseudocapacitive beha-
viour, on which is superimposed a pair of broad redox peaks
centered at —0.65V vs Hg/HgO. Notably, this redox feature
manifests only with significant film thicknesses, typically exceeding
95 nm. The observed shift between reduction and oxidation peaks
increases with scan rate, and a transition to resistive behaviour is
observed at 1000 mV.s~' (Fig. 3c). At the highest scan rate of
10,000 mV.s~" (Fig. 3d), the cyclic voltammograms do not present
pseudo-capacitive or faradaic properties, indicating a transition to a
resistor-like response at such fast scan rates.

Impedance spectroscopy measurements have been carried out on
vanadium nitride films to extract further information on the charge
storage processes, particularly focusing on what we define as the
characteristic time associated with charge/discharge 7 of the
electrodes. This parameter describes the minimum cycle duration
or minimum time at which the sample can be cycled while still
exhibiting a capacitive/pseudocapacitive behaviour, whereas at
higher rates, the sample is limited by various factors, such as
diffusion and/or electrical limitations, leading to a resistive

behaviour as clearly shown in Fig. 3d. In this study, 7 is attributed
to the timescale (inverse of rate) at which the rates of energy
dissipation and storage within the same are the same, correspondin%
to the transition time between capacitive and resistive behaviour.”
The characteristic time associated with charge/discharge can be
measured in two ways, from the EIS spectrum (7gis) and by fitting
the capacitance vs scan rate data explained below, (7).

We measured impedance spectra for our VN films of various
thickness and plotted the real and imaginary impedance as Nyquist
plots in Fig. 4a. These curves are consistent with an equivalent
circuit consisting of a resistor in series with a constant phase element
(CPE). These curves were fit using EC-lab software (Zg,) and the
resistance, and the CPE constant are presented in Figs. 4b, 4c. We
can easily identify the decrease of thin film resistance as well as
increase in CPE constant with increasing film thickness, which was
expected because of the increase in the amount of active material.

We fit the data in Fig. 4a assuming a series R-CPE combination.
We believe the physical origin of Rgys is the resistance associated
with current flowing through the VN to get to the VN-electrolyte
interface. Because we have not used a current collector, this
resistance is dominated by the lateral current flow from the contact
at the side of the VN to the centre of the electrochemically active
region over a distance L. We can test this by calculating the
associated electronic conductivity:

OFIs = RE_'I.IS‘ L/W

where W is the width of the active region and t is the film thickness.
In Fig. 4d, we plot the electronic conductivity values obtained in this
way vs those found using 4-point probe measurements, 0G4probe-
These conductivities are linearly proportional to each other with a
slope very close to 1, indicating that o4pr0he= Ogis. This is strong
evidence that these supercapacitors are consistent with a series R-
CPE combination. The same verification was made regarding
capacitance values and is presented in SI indicating a linear
correlation between capacitance obtained using EIS and using
semi-empirical method presented later on.

We can use the impedance data to calculate a characteristic time
associated with charge/discharge describing the transition from
capacitive to resistive behaviour. This is achieved by analysing the
imaginary part of the complex capacitance vs frequency, as
described in Ref. 24. We first converted our data to Bode plots,
i.e. the C’ (imaginary) (Eq. 1) vs the frequency plots, as shown in
Fig. 4e, using
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For a series R-CPE circuit, the peak position in the C" vs
frequency plot corresponds to the frequency, f,, which defines a
characteristic time associated with charge/discharge ;s = 1/f. This
characteristic time describes the time constant associated with the
transition from capacitive to resistive behaviour. The resultant times
are plotted in Fig. 4f, and show that a noticeable trend emerges
where the characteristic time associated with charge/discharge 7gig
increases from 0.17 to 0.46 s with sample thickness.

It is interesting to see that the samples that are presenting the
most capacitive behaviour at high rates in Fig. 3, i.e. the thickest
films, are the ones presenting the lowest resistance here in Fig. 4b.
This observation could indicate a close link between the high rates
cycling limitations and the RC time constant.

Modelling of the rate performance.—We then examined the
charge storage properties of vanadium nitride electrodes in more
details by plotting the areal charge density Q (C.cm™2) as a function
of scan rate R (cycles.h™ ') for electrodes with different thicknesses
(Fig. 5). The scan rate is defined by R=v/AV, where v is the
potential ramp rate (mV.h ') and AV is the potential window (mV).
To obtained more quantitative information, these curves were then
fitted by a semi-empirical model described in detail in Ref. 7-10.
The fitting equation is presented in Eq. 2.

Ouxp = Qul1 = (Rzg)" (e R ™) (2]

In this equation, Q. corresponds to the measured areal charge,
Qu to the maximum charge at low scan rates. R is defined as the rate
in cycle/h and calculated using R = (3600 x v)/AV, where v is the

scan rate in mV.s~' and AV is the potential window of a full cycle
inmV.s™ . 75 18 ascribed to the characteristic time associated with
charge/discharge of the sample in hour/cycle obtained from the fit
using Eq. 3. Finally, n characterise the power law decay at high
cycling rates, and should depend on the rate-limiting mechanisms,
with diffusion-limited electrodes displaying n = Y2 and resistance-
limited behaviour displaying n= 1. By fitting Eq. 2 to the
experimental results for Qcy, vs R, this model allows us to obtain
the three parameters previously mentioned, i.e. Qyy, 75, and n.

The fits obtained using the model are very satisfactory as can be
seen from Fig. 5a. It is worth noting that for clarity of the fit, the
x—axis must be defined as the number of cycles per hour using a log
scale and the y—axis as the logarithm of the maximum charge stored
Qum-

The maximum areal charge Q,; vs sample thickness, t, is
presented in Fig. 5b and indicates an increase of maximum charge
from 0.78 mC.cm ™2 up to 16.5 mC.cm™2 when thickness increases.
This increase in maximum charge can be fitted linearly with a slope
coefficient of 0.0259 mC.cm 2nm~' (which corresponds to
259 C.cm™2, 4.3 x 10> F.em™ or 57.1 C.g™ "), indicating that within
the limits of the investigated thickness range the entire film depth is
used to store charges homogeneously.

The exponent n describes the high-rate drop-off in capacity,
which corresponds to the slope after the inflexion point vs sample
thickness. An increase of this value from 0.64 to 1.06 is observed
with increasing thicknesses (Fig. 5c). Usually, those values are
located between 0.5 and 1, indicating diffusion or resistive limita-
tions at high cycling rate, respectively.'*'® The value found for the
50 nm thick sample may not be meaningful as in this case the range
of scan rates is not large enough, even though measurements until 10
000 mV.s~! were recorded. However, for all other samples, n values
are close to 1 indicating resistive limitations.
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Figure 4. (a) Nyquist plot obtained from EIS measurement between 100 mHz and 1 MHz, (b) resistance obtained using Zg, option from EC-lab vs thin films
thickness. (c) Evolution of imaginary capacitance vs frequency and (d) evolution of 74, value vs sample thickness. (e) Correlation between electronic conductivity

calculated using 4-point probe and electrochemical impedance spectroscopy.

The 74, value vs sample thickness is presented in Fig. 5d (in red).
The characteristic time associated with charge/discharge 7 corre-
sponds to the minimum charging time at which the electrode can be
charged without significant loss in capacity. When operated at
charging/discharging times below 7, the sample switch to a resistive
behaviour. It shows a small increase from 0.19 s to 0.46 s when the
thickness increases from 50 nm to 580 nm. All values are in very
good accordance with the ones obtained from electrochemical
impedance spectroscopy (7gjs in black). It indicates that the model
proposed here is appropriate to estimate the rate at which the sample
is shifting from a capacitive/pseudocapacitive to a resistive beha-
viour, even for thin film samples. The weak variations of the
characteristic time associated with charge/discharge could highlight

the fact that the range of thicknesses investigated in the present study
should be extended for future works on thicker films.

The increase of 74, with thickness can be related to the decrease
of electronic conductivity previously observed (Fig. 2). As shown in
Fig. Se, the characteristic time associated with charge/discharge 7g,
increases with the resistivity, i.e. with the inverse of the conduc-
tivity. These results suggest that the characteristic time associated
with charge/discharge is governed by the electronic conductivity of
the VN electrode and is not diffusion limited. Indeed, the VN thin
films have two main roles in the electrodes: it collects and carries
electrons as a curent collector and it also stores charges via
capacitive, pseudo-capacitive and faradic processes. It can be noted
that the VN films are deposited directly on isolating Si/SiO,
substrates. Hence, the VN needs to conduct electrical charges in-
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Figure 5. Areal charge density vs scan rate plotted for four different electrode thicknesses. In each case, the solid lines represent fits to Eq. 3. (b) Maximum areal
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EIS and Eq. 3 respectively. (e) Evolution of 7 vs samples resistivity. (f) Plot of the electrical conductivity of the electrode multiplied by the sample characteristic
time associated with charge/discharge 7fit vs the electrical conductivity of the electrode multiplied by sample.

plane, all the way to the electrical connexion to the external circuit.
Figure 5d clearly shows that its in-plane resistivity needs to be
minimized to minimize the characteristic time associated with
charge/discharge.

Next, we show that the determination of the characteristic time
associated with charge/discharge can be used to evaluate several
geometrical and physical properties of the system. As shown in Ref.
25, a supercapacitor can be modelled as a series combination of a
resistor and a capacitor, where the resistance includes contributions
from the electrolyte and the electrode. Then the characteristic time
associated with charge/discharge depends on the volumetric capaci-
tance C,, the length of the electrode L, the electrode thickness t, the
conductance per unit area of the electrolyte G, and the in-plane

electrode conductivity o4.probe, as shown in Eq. 3.5
C C
T = ——— 12+ —t [3]
O4—probe A

In our case, our different electrode thicknesses lead to different
conductivities as well as different values of tg;. To deal with this,
Eq. 3 can be rewritten as:

C
O4—probeTfit = CVL2 + _‘,0'4—pmbet [4]
Ga
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Equation 4 predicts that 64_proberic Scales linearly with 64_propet
(Fig. 5f). Indeed, a well-defined linear trend is observed. The model
indicates that the intercept corresponds to C,L* and a value of
5% 10*s S.m™" is obtained from the linear fit. Previously, C, was
calculated using Fig. 5b, yielding a value of 4.3 x 10> F.cm™, and
with L approximately equal to 1cm, the calculated C,L? is
43 x 10*s S.m™~". Even though a discrepancy of 15% between the
fitted and calculated results is observed, the results are very
satisfactory.

The model also indicates that the slope is Cy/Ga. The slope
obtained by the linear regression in Fig. 5f is determined to be
225%10° S.m~'. G, would then equals 1.91 x 10° S.m~2.
Knowing that ocjecirotyte = Gal wWhere 1 = 1cm is the separation
between the working and counter electrodes, the measured o jectrolyie
equals 19.1 S.m~'. This value closely aligns with the typically
reported literature value of oxop,1m ~20.13 S.m~'%% at 293 K. This
good agreement is further strong evidence that our supercapacitors
can be modelled as a series combination of resistor and capacitor (or
CPE) and that this model can be used to quantify the rate
performance.

In order to confirm that high rate cycling limitations of those
samples are mostly due to the RC time constant of the system, which
is limited by the resistance of the VN electrode, two samples were
prepared: the first one with VN films sputtered on top of a 50 nm
thick platinum current collector, and the second one without the Pt
current collector, the VN being directly sputtered on Si/SiO,
substrate. Conductivity of the Pt thin film is 66000 S.cm ™', which
is 20 to 30-fold higher than that of VN thin films.

The capacitance vs scan rate, measured with and without a
current collector, is shown in Figs. 6 and S3. A clear shift of the
curves towards higher scan rates is observed when a platinum
current collector is used. Then, Eq. 3 was used once again to fit these
measurements. The key impacts of the platinum current collector
addition are a decrease in maximum capacity (less than 20%), from
348 mC.cm™” to 2.82 mC.cm >, which could be ascribed to
variations in nucleation/growth mechanisms on platinum, a n value
close to 1, indicating the rate-limiting processes, are capacitive and
or pseudocapacitive processes, and finally an important decrease of
the sample characteristic time associated with charge/discharge 74,
from 4.43 s to 0.7 s.

Conclusions

In summary, this study successfully verified the applicability of a
semi-empriric model,? to assess the rate performance of pseudoca-
pacitive thin film electrodes. The satisfactory outcomes obtained
through fitting the model to experimental data enabled the determi-
nation of physical properties such as electrolyte conductivity, in
good agreement with literature data, strengthening the reliability of
the model for the studied thin films.

For vanadium nitride thin films, the primary limitation in high-
rate cycling was identified as the electronic conductivity of the
electrode. Electrochemical impedance spectroscopy (EIS) and the
fitting model were used in good agreement to determine the
characteristic time associated with charge/discharge of the samples.
It revealed that the overall characteristic time associated with charge/
discharge is predominantly governed by the RC time constant of the
system. This assertion was substantiated by comparing similar films
deposited directly on the isolating substrate or on top of a platinum
current collector, resulting in a sixfold decrease in the characteristic
time associated with charge/discharge in this last design. This
underscores the necessity of employing current collectors, even for
pseudocapacitive materials with inherent high electronic conduc-
tivity like vanadium nitride if the final application requires high-rate
cycling. Further investigations should explore thicker electrodes and
alternative pseudocapacitive materials.Acknowledgements
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