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a b s t r a c t

Electrochemical capacitors (EC) in the form of packed films can be integrated in various electronic de-
vices as power source. A fabrication process of EC electrodes, which is compatible with micro-fabrication,
should be addressed for practical applications. Here, we show that titanium nitride films with controlled
porosity can be deposited on flat silicon substrates by reactive DC-sputtering for use as high performance
micro-supercapacitor electrodes. A superior volumetric capacitance as high as 146.4 F cm�3, with an
outstanding cycling stability over 20,000 cycles, was measured in mild neutral electrolyte of potassium
sulfate. The specific capacitance of the films as well as their capacitance retentions were found to depend
on thickness, porosity and surface chemistry of electrodes. The one step process used to fabricate these
TiN electrodes and the wide use of this material in the field of semiconductor technology make it
promising for miniaturized energy storage systems.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

There is an increasing demand for miniaturization and boosting
the performance of the wide spread multifunctional electronic
devices and micro electromechanical systems (MEMS) for more
challenging and smart environments [1,2]. An integrated micro-
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scale power source can play a major role in device reliability and
performance enhancement during operation [3], underlining the
need to develop such power sources. Electrochemical capacitors,
also called supercapacitors, should be suitable for on-chip inte-
gration alongside the circuit they power because of their excellent
chargeedischarge rate and long operating lifetime as compared to
the existing micro-batteries [1]. The key issues to be addressed in
developing miniaturized supercapacitors, also referred to as micro-
supercapacitors, are; improvement of volumetric/areal energy
density, maintaining good cycling stability and use of electrode



Table 1
Sample identification scheme and processing conditions for TiN films.

Sample ID T1 T2 T3 T4 T5

Power (W) 120 150 200 80 150
Nitrogen flux (sscm) 2 2 2 2 1
Argon flux (sscm) 18 18 18 18 18
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fabrication technique that is compatible with micro-fabrication
processes [4]. Usually, powders (CNTs, activated carbon…) are
processed in the form of packed films to fabricate micro-
supercapacitor electrodes [5,6], a process that has many draw-
backs such as bad adhesion to the current collector which adds to
external resistance, loss of accessible volume to the electrolyte and
incompatibility with standard micro-fabrication protocols [4].
Physical vapor deposition (PVD) techniques, widely used in the
semiconductor technology manufacturing, can produce films with
good adhesion, controlled thickness, composition and morphology.
Thus, using PVD to fabricate electrodes for micro-supercapacitors
would be the alternative solution to most of the problems faced
during processing of powder into packed films. Chmiola et al. [4]
have demonstrated that such technology can be used to manufac-
ture mesoporous carbon films with high volumetric capacitance
(~180 F cm�3) by etching the DC-sputter deposited precursor tita-
nium carbide film. Electrodes based on carbon materials called
electrochemical double layer capacitors (EDLCs) have lower volu-
metric/areal energy density as compared to the so called pseudo-
capacitors based on metallic oxides (RuO2, MnO2) [7,8] and
polymeric materials [9]. Nevertheless, EDLCs are attractive as
micro-supercapacitor electrodes due to long cycling life stability,
thus allowing long-term use of the corresponding device.

Recently, transition metal nitrides (TMN) have been proposed as
potential candidates for supercapacitors [10]. Using PVD tech-
niques, TMN thin films such as VN [11] and RuN [12] have been
proposed by our group as electrodes for micro-supercapacitors.
Although these films offer high volumetric capacitance, their
cycling life and power density need to be further improved for
more challenging applications.

Titanium nitride (TiN) is a transition metal nitride material with
remarkable properties including high electrical conductivity, high
hardness and excellent thermal stability [13], making TiN films as
one of the most extensively used material in semiconductor tech-
nology for electrical interconnects and diffusion barrier in MEMS
devices [14]. Recently, we have demonstrated a high performance
electrode for micro-supercapacitors based on TiN and carbon
nanotubes (CNTs) composites (TiN/CNTs) with an outstanding
cycling stability and an areal capacitance much larger than those of
carbon based electrodes [15]. Producing sputter deposited TiN films
as micro-supercapacitors electrode directly on a flat silicon sub-
strates without the CNT template, while keeping performance at-
tributes comparable to those of TiN/CNTs electrodes, will add
flexibility to the design of micro-supercapacitors for practical
application due to simplicity of the process and device structure as
well as complementarities to EDLCs. In this work, we demonstrate
that TiN, deposited on silicon substrate by reactive DC-sputtering,
can be directly used as micro-supercapacitor electrodes. The
volumetric capacitance value of the TiN electrodes can reach as
high as 146.4 F cm�3 with an elegant cycling life stability of more
than 20,000 cycles. Moreover, the porosity of the TiN electrode can
be controlled by tailoring the deposition parameters inside the
chamber during film growth, which affects both the volumetric/
areal capacitance and power density of the electrodes.

2. Experimental

The TiN films were deposited over Si(100) wafers without
intentional heating of the substrate holder using DC reactive
magnetron sputtering technique. The deposition was carried out in
a sputtering machine that is equipped with a turbo molecular
pump which ensures base pressure of <10�7 mbar in the vacuum
chamber. Argon (99.999%) and nitrogen (99.999%) gases were used
as sputtering and reactive gases, respectively. Titanium target
(99.999%) was sputtered at different power values in order to
obtain TiN films with different porosity levels and composition. The
argon and nitrogen flow rates weremaintained at fixed values of 18
and 2 standard cubic centimetres per minute (sccm), respectively.
During deposition, the substrate holder was biased with a radio
frequency generator at �75 V. A second series of TiN films, here-
after designed as T5, was prepared under similar conditions, but at
a lower nitrogen partial pressure. The sample preparation condi-
tions and their designations are summarized in Table 1. The film
surface chemistry and composition as estimated by XPS, before and
after in-situ erosion, are also presented in Tables 2 and 3,
respectively.

Scanning electron microscope (SEM) analysis was performed
using a JEOL JSM 7600 apparatus to observe morphology and to
measure thickness of the deposited films. The images were recor-
ded at an accelerating voltage of 5 kV. The films were also char-
acterised using X-ray diffraction (XRD) machine with Bragg
Brentano configuration in the range of 20e65�. Room temperature
Raman spectra were recorded with a Jobin Yvon micro Raman
spectrometer (T64000) at 514 nmwavelength and 200 mW power.
The XPS measurements were carried out on a Kratos Axis Ultra
using AlKa (1486.6 eV) radiation. High resolution spectra were
acquired at 20 eV pass energy with energy resolution of 0.9 eV. The
C1s line of 284.5 eV was used as a reference to correct the binding
energies for charge energy shift. The Shirley background was sub-
tracted from the spectra and signals symmetric Gaussian functions
were used in the peak fitting procedure. The ellipsomertry analyses
were performed using a Jobin Yvon UVISEL NIR Spectroscopic Phase
Modulated Ellipsometer, with an automatic goniometer. Ellipso-
metric measurements were collected at an incidence angle of
70�across the spectral range 380e800 nm.

Electrochemical measurements were performed in 0.5 M K2SO4
(Alfa Aesar 99.99%) aqueous solution. The chemicals were used
without further purification. A conventional cell with a three-
electrode configuration was used for electrochemical
characterization.

Electrochemical measurements were controlled via a VMP 3
multi potentiostat-galvanostat (Biologic) monitored with EC-Lab
software at room temperature. A Teflon™ cell holder was used to
define the surface area of the working electrode (exposed area
3 � 1 cm2). For cyclic voltammetry experiments, ten cycles were
performed prior to those provided in order to ensure that the cycles
were reproducible.
3. Results and discussion

3.1. Structure and surface chemistry studies

Comparison of the XRD patterns of the T1-T4 films, shown in
Fig. 1(a), indicates rock salt structure with (111) preferential
orientation during films growth. The preferential orientation was
found to be governed by contribution of surface energy and strain
energy of the growing film. The (111) plan is known as having the
lowest strain energy and the highest surface energy [16]. Therefore,
it can be suggested that TiN films grew along the (111) plane in
order to minimize their strain energy predominantly as a result of
nitrogen excess. The XRD pattern of the T4 filmwas noticed to shift



Table 2
XPS analysis of the TiN films surfaces before in-situ erosion giving elemental
composition.

Sample O 1s (at. %) Ti 2p (at. %) N 1s (at. %) C 1s (at. %)

T1 28.3 21.4 18.8 31.4
T2 27.4 19.6 18.7 34.4
T3 26.6 20.5 19.4 33.5
T4 38.2 22.2 17.5 30.1
T5 31.7 25.9 10.5 31.7

Table 3
Elemental composition of the TiN films from XPS studies after in-situ erosion.

Sample O 1s (at. %) Ti 2p (at. %) N 1s (at. %)

T1 3.3 46.0 50.7
T2 2.5 46.5 51.0
T3 2.3 46.9 50.8
T4 19.1 39.2 41.7
T5 3.5 61.5 35.0

Fig. 1. (a) XRD patterns and (b) Micro-Raman spectra of T1-T4 films.

Fig. 2. Top view SEM images of (a) T1, (b) T2, (c) T3 and (d) T4 films.
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to a higher angle (by ~0.26�) with an additional orientation along
(002) probably indicating towards an oxynitride film composition
of TiOxNy rather than TiN [17]. This finding is in accordancewith the
XPS analysis after in-situ erosion of the deposited films (Table 3).
Fig. 1(b) represents the micro-Raman spectra of the TIN films.
While the spectra for the T1-T3 films are almost identical, the
spectrum for the T4 film is different altogether. In the case of T1-T3
films, the low frequency peaks below 400 cm�1 can be attributed to
acoustical phonons, whereas the high frequency mode around
540 cm�1 is due to optical phonons [18]. The Raman bands posi-
tioned at ~210, 310, and 515e540 cm�1 were identified as trans-
verse acoustic (TA), longitudinal acoustic (LA), and transverse
optical (TO) modes of d-TiN, respectively [19]. The phonon bands in
the acoustic and optic range are due to vibrations of the heavy Ti4þ

ions and the lighter N3� ions, respectively. As can be seen from
Fig. 1(b), the intensity of the optical modes is higher than the
acoustic part of the spectra for the samples T1-T3 suggesting that
these films are over-stoichiometric (containing excess nitrogen)
which is in good agreement with XPS analysis shown in Table 3. In
fact, it has been shown that the optical mode intensity decreases
with the decrease of N deficiency and increases with the increase of
N concentration [20]. Concerning the T4 films the peaks at 153.17
and 518.5 cm�1 can be attributed to the vibration modes of
titanium-oxynitride [21,22]. This indicates that these films contain
higher amount of oxygen (as indicated in Table 3).

Surface microstructures of the T1-T4 films are displayed in SEM
images, as shown in Fig. 2. It can be noticed that these films
generally have a pyramidal surface morphology consisting of TiN
pyramids that are single crystals with growth along (111) planar
orientation and parallel to the substrate surface [23]. In fact, the
sides of these pyramids are <100> family of planes which appear to
impart greater roughness and larger specific area to the film sur-
face. Furthermore, such planes are expected to provide high levels
of charge storage that is accessible through minimum series
resistance. The top view SEM images clearly show that the films
have different degrees of apparent porosity. At a glance, it seems
that the T1 film is more porous (in terms of pores density or
number of pores per unit surface area) than T2 film, which in turn,
is more porous than the T3 film. The porosity of T4 films also seems
more important than that of the T3 film. Moreover, it can be noticed
that the more porous the film is, the larger grain size is. The film
thickness values measured from cross-sectional view are of the
order of 670, 770, 780 and 1030 nm, respectively, for T1-T4 films.

The film porosity was assessed by ellipsometry measurements
as shown in Fig. 3. The refractive index (n) can give an indication of
film density and compactness. Although, n can also depend on the
electronic conductivity but the similarity of surface chemistry of
the films and their composition as revealed by XPS (see Table 3),
allow a direct comparison of n based on the film density. Since the
refractive index n1, n2 and n3 of T1, T2, and T3, respectively can be
classified as n1 < n2 < n3, in the visible range, one can consider that
the density of these films follows the inverse evolution of n, in
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Fig. 3. Ellipsometry measurements of T1-T3 films.
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accordance with SEM observations in Fig. 2. It must be noted that
due to film composition difference of T4 film compared to T1-T3
films, the refractive index of T4 film can not be compared to those of
T1-T3 films.

The TiN film produced at low nitrogen partial pressure (T5)
shows different surface morphology as compared to those of T1-T4
films since the pyramidal structure is absent in this case (Fig. 4a)
and the film cross-section view during SEM examination indicates
columnar growth morphology with film thickness of ~1920 nm
(Fig. 4b). The XRD pattern (Fig. 4c) reveals the film to be textured
along (002) direction, thus indicating that the film does not contain
excess nitrogen as was the case for T1-T4 films (Table 3). Themicro-
Raman spectrum in Fig. 4d shows presence of the same bands
observed in case of T1-T3 film spectra (Fig. 1b) except that the
optical mode at 540 cm�1 has lower intensity. This may be due to
the reduced number of vibrating N3þ ions in the film, as inferred
from XRD results, resulting in T5 film composition to be deficient in
nitrogen atoms i.e. sub-stoichiometric.

The XPS high resolution Ti 2p and N1s spectra from native
surfaces of the T1 and T5 films are investigated and will be pre-
sented hereafter. It should be noted that the surface chemistry of
T1, T2 and T3 films is almost the same as measured by XPS analysis
and only the XPS spectra of T1 and T5 films are presented and
Fig. 4. (a) Top view SEM image, (b) Cross section SEM image of T5, (d) XRD diffraction
pattern of T5 and (c) Micro-Raman analysis spectrum of T5 film.
compared. Significant differences in shape and position of the
peaks exist between spectra of these films. The deconvolution of Ti
2p core level high resolution spectra of T1 and T5 electrodes are
shown in Fig. 5a and b, respectively. The peak deconvolutions show
that the T1 and T5 films exhibit major components mixture of
TieNeO, TieN and TieO chemical bonds. In both spectra, the
intense peak located at 458.2 eV can be related to Ti 2p3/2 and can
be assigned to TiO2 (Ti4þ oxidation state) [23] while the weaker
peak at lower binding energies (~454.6 eV) can be assigned to TiN.
Between these two peaks are two other peaks that can be attrib-
uted to the oxynitride (TiOxNy) and Ti2O3 which have an oxidation
state between those of TiN and TiO2 suggesting that all samples
have a complex oxidized surface chemistry. The Ti 2p doublet at
about 456.8 is sometimes attributed to electron energy loss
induced by interaction with conduction band electrons [23,24].
However, it is believed here that this doublet can be related to Ti
(Ti3þ oxidation state) in Ti2O3. At the lower energies side, the T5
sample (Fig. 5b) presents an additional weak peak that may be
attributed to Ti associated with N vacancy (Ti-VN) or, more likely, to
Ti in TieTi which can form in sub-stoichiomertic TiN. TiO2 surface
layer was found to have Ti2O3 composition beneath and the top
TiO2 layer prevents further oxidation of Ti2O3 to TiO2 [25]. The Ti
atom is in 3d1 configuration i.e. Ti3þ in the compound Ti2O3, a
composition that is treated as an insulator with small band gap
energy.

The adsorbed oxygen on the surface may diffuse inward to the
bulk and substitute nitrogen to form Ti2O3 layer leading to N
diffusion to the surface, thus giving rise to the nitrogen peak at an
unusual low binding energy around 395.6 eV in the N1s spectrum,
as shown in the deconvoluted N1s spectra of the T1 and T5 films
(Fig. 5c and d, respectively). The peak situated in the range
396.1e396.9 eV can be attributed to titanium nitride in agreement
with those of other research groups [26]. Two or three other peaks
at higher energies can be resolved and may result from super-
position of peaks corresponding to the oxynitride (TiNxOy) and
nitrogen-oxygen (NOx ¼ NO or NO2) or Ti-NOx [27e30] compounds
at the surface. In case of T1, one can observe an intense peak at
lower energy side (395.2e395.9 eV) that may be related to some
kind of nitrogen which would be negatively charged or less tightly
bound such as adsorbed nitrogen, interstitial N or nitrogen asso-
ciated with Ti vacancy (NeTiV) in the TiN sub lattice. However, this
nitrogen was found to have been accumulated at the film surface,
since its peak disappeared along with that of adsorbed carbon upon
in-situ erosion [15]. Z. Zhang et al. [31] observed a peak at 395.9 eV,
upon doping of a nano-TiO2 powder with nitrogen through
nitriding in NH3/Ar atmosphere at temperatures in the range of
400e1100 �C, that was attributed to atomic b-N substituting oxygen
in the TiO2 sublattice and a peak at 395.5 eV that was considered as
more perplexing and believed to be due to nitride in a non-ideal co-
ordination. The peak at about 396 eV was found to be unique to
TiO2-xNx films. According to the literature, this peak can be assigned
to atomic N substituted for oxygen sites (b-N) i.e. a chemically
bound N� state [32,33]. Moreover, it has been reported that the b-N
XPS peak intensity tends to evolve along with N doping concen-
tration [33,34]. Therefore, the observed peak at 395.5 eV in T1 film
(and also in T2-T4 films) can be attributed to atomic b-N
substituting oxygen in the TiO2 sub-lattice. It has been found that
TiO2 nitrogen doping results in N 2p states formation within the
band gap close to the valence band maximum. The associated
changes in the electronic and geometric surface structure can
simply be attributed to N3� substituting for the lattice O2� [35].
From the N 1s high resolution spectrum of T5 film (Fig. 5c), one can
notice that the peak that could be related to b-N, has smaller in-
tensity compared to those of T1-T4 films. This indicates that sub-
stitution of oxygen by nitrogen in the TiO2 sub-lattice that forms at



Fig. 5. (a)Ti 2p high resolution XPS spectra for T1, (b) Ti 2p high resolution XPS spectra for T5 film surfaces (c) N1s high resolution XPS spectra for T1 and (d) N1s high resolution XPS
spectra for T5 surface.
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the T5 surface is very low. While the TiO2 doping, that form at the
T1-T4 surfaces, with nitrogen is more important. It is must be noted
that TiN at the subsurface region is the one that acts as a nitrogen
source for TiO2 doping, through nitrogen out-diffusion from the
subsurface up to the surface region whereas oxygen diffusion oc-
curs in a direction opposite to that of nitrogen [15]. Also, it was
reported that N doping of TiO2 introduces oxygen vacancies [36]
which would have a role in the supercapacitive behaviour of our
films, as will be described in the next section.

3.2. Electrochemical testing

Fig. 6 shows cycling voltamograms (CV) of the T1-T4 films at
different scan rates. At moderate scan rates, the CV curves exhibit a
nearly symmetrical rectangular shape in 0.5 M K2SO4 electrolyte
solution, indicative of a quasi-ideal capacitive behaviour. In case of
T1-T3 films, the CVs retain their rectangular shape even at high
scan rate at 2 V s�1. However, CV of the T4 film show less capacitive
retention at scan rates higher than 50 mV s�1, which may be
attributed to high oxygen content in this film. As expected, the T1
film exhibits the highest capacitive retention (linear increase of
current with the applied scan rate increase) where CV curves can
keep their rectangular shape even at 5 V s�1 presumably due to
larger average pore size in the film which promotes easier ions
transport. Indeed, it was reported that if the average pore size is too
small for cations or anions to get through, then distortion on CV
occurs resulting in capacitance decrease [37]. Such high power
density is comparable to that of double layer electrochemical ca-
pacitors [5,38] which is essential for micro-supercapacitors design
on rigid silicon substrates. The T3 film also shows a good capacitive
retention at 5 V s�1 even though it has low apparent average pore
size compared to T1 and T2 films. This capacitive retention may be
due to ions adsorption on the surface as it is shown in case of T5
films below (Fig. 8).
The volumetric and areal capacitance of the T1-T4 films as a
function of scan rate are presented in Fig. 7a and b, respectively. For
clarity purpose the horizontal axis of scan rate is scaled logarith-
mically. It should be noted that difference in the film thicknesses for
T1-T3 is not considerable, especially in case of T1 and T3 films and,
therefore, comparison of the areal capacitance of these films is
possible. The values of volumetric and areal capacitances experi-
ence a drastic drop upon increasing the scan rate from 2 to
100 mV s�1, whereas a significant capacitance level is retained over
scan rates in the wide range of 0.1e5 V s�1. The decrease in
capacitance with scan rate increase from 2 to 100 mV�1 occurs not
only due to the limited ion diffusion in porous electrodes but, also,
due to the limitation from charge transfer rate for pseudo-
capacitive electrodes. The T2 film exhibits maximum volumetric
(as well as areal) capacitances with values as high as 116 F cm�3

(corresponding to 12 mF cm�2) at 2 mV s�1, which is about two
times higher than that of activated carbon (~40e50 F cm�3) [4].
Apparently, the capacitance behaviour of TiN films follow a trend
similar to that of CDC electrode [37] where the capacitance in-
creases with decrease in pore size (T2 versus T1 films), then de-
creases when the pores size becomes too small for ions/cations to
be able to penetrate into these pores (from comparison between T3
and T2-T1 films).

Although the carbide-derived carbon (CDC) electrodes exhibit
outstanding volumetric capacitance of 160 F cm�3 (in H2SO4 elec-
trolyte), its volumetric/areal capacitance decreases with their
thicknesses increase. In our case, the film thickness increase of T1
leads to an increase of volumetric and areal capacitance as it is
shown in Fig. 7b and c, respectively. For example, the volumetric
capacitance increase from 15.4 up to 39.4 F cm�3 (at 100 mV s�1)
while the areal capacitance increases from 0.28 up to 8.8 mF cm�2

(at 100 mV s�1), when the T1 film thickness increases from 180 up
to 2240 nm, respectively. The increase of capacitance with film
thickness increase would bring TiN films to higher level of



Fig. 6. Cyclic voltamograms curves versus scan rate of (a) T1, (b) T2, (c) T3 and (d) T4 films.
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Fig. 7. (a) Comparison of volumetric capacitance of T1-T4 films versus log (scan rate) and (b) areal capacitance of T1-T3 films versus log (scan rate), (c) Volumetric capacitance and
(d) areal capacitance versus log (scan rate) of 180, 980 and 2240 nm thick T1 film.
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performance as micro-supercapacitors. Furthermore, an increase in
the film thickness does not affect the specific capacitance of the
electrodes.

At an applied potential of 0.2 V s�1, the long cycling test shows
excellent cycling life stability over 20,000 consecutive cycles with
negligible decay in capacitance, as shown in Fig. 8a. In our previous
work [15], it was suggested that this impressive stability is due to
nitrogen and oxygen dynamics upon electrochemical cycling which
leads to conservation of oxygen vacancy density at the electrode
surface. Such cycling life stability over long-term use is crucial for
micro-supercapacitor application.

The areal capacitance value of 8.8 mF cm �2 (at 100 mV s�1) for
2240 nm thick T2 film is about three times lower than that reported
for 1200 nm thick TiN-coated MWCNTs (25.5 mF cm �2 at
100 mV s�1) in our previous work [15]. This is consistent with
surface area enhancement due to the use of CNT template.



Fig. 8. (a)Cycling stability test of T1film at scan rate of 200mV/s, (b)volumetric and areal
capacitance of T5 film at different scan rates, and (c) long cycling test at 200 mV/s.
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However, in this study, we report a six-fold increase in areal and
volumetric capacitances of the TiN films from 0.68 to 4.25 mF cm�2

(at 100mV s�1) for T2 and T4 films, respectively, without sacrificing
their cycling life or power density through optimization of depo-
sition condition. It is noteworthy that use of low-temperature
(<100 �C) deposited TiN films as electrode for micro-
supercapacitor electrode, without using CNT template, will
reduce processing cost and facilitate the electrode integration due
to simple device structure. Moreover, when compared to other
pseudo-capacitive material electrodes, the obtained areal capaci-
tance of 8.8 mF cm�2 at 100 mV s�1 is higher than that of hydro-
genated TiO2 (3.4 mF cm�2 at 100 mV s�1) [39], NiO/TiO2 nanotube
array (2.5 mF cm �2 at 100 mV s�1) [40] and TiO2 nanotubes
(0.9 mF/cm2 at 2 mV s�1) [41]. It is comparable to those of Ni/NiO
core shell electrode (9 mF cm�2) [42] and 100-nm thick MnO2/gold
hybrid electrode (12 mF cm�2 at 50mV s1) [43] whose cycling life is
limited to few hundred cycles. The electrodes presented in this
study (T1-T3) show a specific capacitance comparable to those of
pseudo-capacitors but with superior cycling stability and power
density.

The electrochemical evaluation of T5 filmwith stoichiometric or
sub-stoichiometric composition is presented in Fig. 8b. The CV
curves show that this film has good capacitive retention over wide
range of scan rate (not shown here). The film shows remarkable
cycling stability over 20,000 consecutive cycles at 200 mV s�1, as
shown in Fig. 8c. Nevertheless, its areal (40 mF cm�2 at 200 mV s�1)
and volumetric capacitance (0.15 F/cm3 at 100 mV s�1) values are
very low as compared to T1-T4 films. The very low capacitance of T5
film, its long cycling stability and high power density are typical of
EDLCs [1]. Although, the T5 film seems less porous with less surface
roughness than the T1-T4 films, its very low capacitance value
cannot be attributed to its average pore size only. In fact, the
capacitance of the T3 film (containing smallest pores size) at 5 V s�1

is four times higher (200 mF cm�2) than that of T5 film at 5 mV s�1

(50 mF cm�2). It is, therefore, concluded that charge storage in the
T1-T4 films is based on contributions from both double-layer and
pseudo-capacitive mechanisms [15] whereas in case of T5 film, the
only contribution to charge storage is made by electric double layer.

In the case of T1-T4 films, we have assumed that the N-doped
TiO2 which forms at the TiN surface (where the TiN subsurface acts
as a source of b-N) leads to generation of oxygen vacancies in the
TiO2 layer and those vacancies are responsible for pseudo-
capacitive contribution of charge storage in these films [15]. In
case of T5 film, we believe that the pseudo-capacitive contribution
is very small because an appreciable amount of oxygen vacancies in
the TiO2 layer is lacking, possibly due to absence of the b-N dopants
(which generate oxygen vacancies) in T5 film, as revealed by XPS
(Fig. 5b). The comparison of the surface chemistry and electro-
chemical properties of the T5 and T1-T3 films further supports our
proposed mechanism of the charge storage in TiN [15]. These re-
sults could have implications in the design of other pseudo-
capacitive materials based on transition metal nitrides.

The most important result that should be noted here is that all
films which exhibit high specific capacitance are over-
stoichiometric and contain appreciable quantity of b-N substitut-
ing oxygen of TiO2 that is formed in the surface region of TiN. On the
contrary, films exhibiting moderate specific capacitance are stoi-
chiometric or sub-stoichiometric containing very low quantity of b-
N or not at all. The oxygen vacancies that should form in TiO2 as a
result of N doping play a major role in charge storagemechanism in
these films.

4. Conclusions

TiN films with different porosity, thickness and stoichiometry
were deposited on flat silicon substrates for use as micro-
supercapacitor electrodes. It has been demonstrated that the
charge storage mechanism in over-stoichiometric films is due to
cumulative effect of electric double layer and redox reaction. On the
other hand, in case of stoichiometric or sub-stoichiometric films, the
charge storage ismainly due to double layer contribution. Thus, areal
and volumetric capacitance values of over-stoichiometric TiN films
are much higher than that of stoichiometric or sub-stoichiometric
films. Such difference in electrochemical storage behaviour is
attributed to nitrogendopingof the TiO2 layerwhich forms at the TiN
film surface, predominantly in over-stoichiometric TiN films. The
TiO2 doping with nitrogen is believed to provoke oxygen vacancy
defects which act as centres for OH� ions adsorption. Furthermore,
we have shown that over-stoichiometric films can be depositedwith
tailored porosity. The apparent average pore size in the films in-
fluences the capacitive storage of the films in term of specific
capacitance, while high oxygen content leads to a lowering of the
power density. The low synthesis temperature of our electrodes
(<100 �C) will decrease the process cost and allow TiN film deposi-
tion on fragile substrateswith simple device architecture. Our results
can open new perspectives to explore other transition metal nitride
electrodes for electrochemical storage applications.
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