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In this paper, the effect of rapid thermal sulfurization on the electrochemical storage properties of ultra-
thin metallic tantalum (Ta) is reported. It was achieved by introducing sulfur (S) onto the surface and
subsurface region of the Ta film, which resulted in areal capacitance enhancement as compared to
that of the pristine Ta film. Notably, the sulfurized Ta-based electrode delivers an areal capacitance
reaching 3.4 mF/cm? at scan rate of 5 mV /s (equivalent to volumetric capacitance of 261.5 F/cm?),
in 1 M NaySOy electrolyte solution, with a cycling stability of 76% over 10,000 consecutive cycles).
Surface chemistry and morphology of the electrodes before and after sulfurization were investigated
and correlated with the electrochemical properties of different electrodes. The present results anticipate

(2021)

tantalum sulfide (TaS) to be a promising material for electrochemical capacitors.
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1. Introduction

Pseudo-capacitive materials which store charges
by surface faradaic reactions often show high power
density and long operation lifetimes, when com-
pared to lithium-ions batteries [1, 2]. Among the
most studied pseudo-capacitive materials, one can
mention transition metal oxides such as CoO [3]
and NiO [4], conducting polymers [5], and transition
metal nitrides including VN [6, 7], TiN [8, 9] and
MoN [10]. Recently, transition metal chalcogenides
(TMCs) have drawn tremendous research interest
for energy conservation as pseudo-capacitive ma-
terials [11, 12]. Among them, MoS [13], VS [14]
and TiS [15] have been proposed as active mate-
rials for electrochemical capacitors (ECs) with ex-
ceptional performance. In contrast to metal nitride,
the screening of TMDs in literature for EC applica-
tion is still limited. For instance, the use of TaSs
as an electrochemical capacitor material is poorly
reported. As one of the typical TMDs, TaS; ex-
hibits a combination of good chemical, mechanical,
and electronic properties, which have been studied
in the past [16-21].

Indeed, its structure and electronic properties
were reported to be promising for high-power de-
vice applications [20, 22]. Thus, its properties
can also be beneficial in the case of energy stor-
age application. In view of literature on the use of
TaS, for ECs, Wu et al. [23] have reported a TaS
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monolayer with high volumetric capacitance, while
Sun et al. [24] have reported ultra-long hybrid mi-
crofibers from nanosheets of reduced graphene oxide
and TaSs for super-capacitor application.

In this work, a rapid thermal sulfurization of
an ultrathin Ta film at 400 and 600 °C is reported.

The incorporation of sulfur was revealed by
an X-ray photoelectron spectroscopy. In addition,
the specific capacitance of the sulfurized electrode
was evaluated in 1 M NagSO, and the effect of sulfur
incorporation was highlighted and correlated with
the electrochemical response of the electrodes.

2. Experimental

2.1. Ta film deposition

Tantalum ultra-thin films (Ta) were deposited on
(110) silicon substrates by DC magnetron sputter-
ing of tantalum targets (purity 99.9%, 2 inches in di-
ameter) in a sputter machine equipped with a turbo
molecular pump that allows achieving a base pres-
sure of 5 x 10~% mbar. The reactive sputtering was
carried out without substrate heating. The argon
flux was kept constant at 30 sccm. The deposi-
tion time was fixed to 10 min at constant pressure
of 5 x 1073 mbar. The applied power on a Ta target
was 50 W. The obtained thickness of the films —
as measured for the cross-sectional SEM images —
was around 130 nm.
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2.2. Rapid thermal sulfurization of Ta films

The rapid thermal sulfurization process was em-
ployed to introduce sulfur to the as-deposited Ta
films (using OTF-1200X setup). The sulfurization
was performed on a quartz tube (reactor). Firstly,
the Ta film was introduced into the reactor with the
S powder (0.3 g), and this was placed 10 cm away
from the Ta film. The S powder (sigma Aldrich,
99.98%) was used without any further purification.
Secondly, the reactor was flushed for one hour to
remove (reduce) oxygen, using a 0.500 L/min argon
flow outside of the furnace, prior to the sulfuriza-
tion process. After that, the reactor was put in-
side of the furnace. Finally, under nitrogen flux the
furnace was heated to two different temperatures
in each case. For this study, temperatures of 400
or 600°C, under nitrogen pressure of 40 Torr and
30 min duration, were chosen. After the reaction,
the Ny flow was stopped, and the quartz tube was
removed from the reactor and was cooled with the
argon flow for 1 h.

It was noticed that temperatures of > 650°C
led to film delamination and cracking. The as-
deposited and the treated Ta films at 400 and 600 °C
are assigned as Ta, Ta-400 and Ta-600, respectively.
Such rapid thermal sulfurization aims at improving
the capacitive properties, as it will be shown in the
next section.

2.3. Film characterization

The film thickness values were determined
through both SEM (using scanning electron mi-
croscopy (SEM) (JSMT7600F; JEOL) examination
of the film cross-section and average step height
measurement using a stylus profilometer (Dektak;
Bruker, Germany). The phase composition of
the samples was investigated by means of X-ray
diffraction (XRD) studies using a diffractometer
(PANalytical Empyrean; Malvern Panalytical Ltd,
UK) operating with monochromatic CuK, radia-
tion (A = 0.1546 nm) in the grazing incidence con-
figuration (grazing angle, GA= 0.5°) at a voltage
of 45 kV and a current of 40 mA. The microstruc-
tural characterization was carried out by a field
emission gun transmission electron microscope us-
ing a Hitachi HNAR 9000 microscope operating
at 300 kV.

The microstructural and surface morphology
characterizations of the samples were examined
by atomic force microscopy (AFM) in contact
mode (NanoWizard IT BioAFM). For surface chem-
ical analysis, X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a Kratos
Axis Ultra spectrometer using a monochromatic
AlK,, radiation (1486.68 ¢V) with a spot size of
250 x 250 pm?. A flood gun was used for charge
compensation and the Cls line at 284.5 eV was
considered as a reference for the binding energies
correction shift.
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The XPS depth profiles were built by successively
alternating 100 s sputtering with 1 keV Ar™ beam
and XPS analysis performed with a monochromatic
AlK,, X-ray beam with a spot size of 300 pm. Quan-
tification was evaluated after Shirley background
subtraction with Avantage software on survey spec-
tra acquired at 150 eV pass energy.

2.4. Electrochemical characterization

Electrochemical studies of the Ta electrodes be-
fore and after sulfurization were carried out using
a potentiostat/galvanostat PGSTAT128N at room
temperature in a typical three-electrode electro-
chemical cell. Ta samples, Ag/AgCl and plat-
inum foil were used as working, reference and
counter electrodes, respectively. In this con-
figuration, only the Ta-coated side was in con-
tact with the electrolyte (S = 0.5 cm?), while the
other side was in contact with a current collec-
tor through conductive silver paste to ensure good
contact. Cyclic voltammetry (CV) and galvano-
static charge-discharge (GCD) experiments were
performed in 1.0 M NaySOy4 aqueous solution. Ca-
pacitance C' of the samples values were calculated
from CV and GCD data using

A

where A; and v are the respective values of aver-
age of the intensity difference between upper and
lower parts of the CV curve, and the scan rate,
respectively.

It is worth to mention that only the areal capac-
itance [mF/cm?] is evaluated in this work. Indeed,
due to the small material quantity deposited in the
form of ultrathin film (~ 140 nm thick) the mass
of the Ta deposit is hard to estimate, and thus the
gravimetric capacitance [F/g] cannot be estimated.
The latter is mostly reported in the case of powders.
Furthermore, in the case of thin films, the most im-
portant presentation of the specific capacitance is
the areal capacitance for practical applications.

3. Results and discussion

The 3D AFM images of Ta electrodes before and
after thermal sulfurization at 400 and 600°C are
shown in Fig. la—c, respectively. The AFM images
demonstrate the presence of numerous features in
the form of hills and duns on the surface. The
surface roughness increases from 19.8 to 32.4 and
143.0 nm for Ta, Ta-400 and Ta-600 electrodes, re-
spectively. This indicates that thermal sulfurization
leads to the increase of surface roughness and thus
the area at the surface region. Such surface modi-
fication is anticipated to enhance the electrode ca-
pacitance.

The XRD diagrams (Fig. 2) on these sam-
ples show one sharp crystalline peak, centered at
26 ~ 38° corresponding to the crystalline nature
of Ta. The peak observed at 26 38° can

~
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Fig. 1.

AFM 3D-image of (a) Ta, (b) Ta-400 and
(c) Ta-600 electrodes.
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Fig. 2. XRD patterns of Ta electrodes before and

after thermal sulfurization.

be ascribed to either (110) of bce-Ta or (200)
of 8-Ta [25-27|. The thermal sulfurization leads to
a peak shift toward high angles by 0.05°, which can
be due to stress relaxation. No additional peak re-
lated to Ta—S was observed, which indicates that
the sulfur incorporation could take place only at
the surface region.

Because of its surface sensitivity, XPS is a power-
ful method for the investigation of surface composi-
tion changes due to the thermal sulfurization of Ta
electrodes. The XPS survey spectra, shown in Fig. 3
of the as-deposited and treated Ta films confirmed
the presence of tantalum (Ta), oxygen (O), carbon
(C) on the surface with small peak of sulfur (S) in
the case of treated electrodes. The XPS peak due to
carbon in all the films may be attributed to the sur-
face contamination in the form of adsorbed carbon
species. In addition, the presence of oxygen can be
attributed to oxygen incorporation on the surface
during synthesis and/or aging.

Table I lists the elemental composition of the
three Ta film surfaces before and after the RTA
treatment. As can be noticed, the S percentage in-
creases from 1.7 to 3.6 at.%, for Ta-400 and T-600,
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Fig. 3. XPS survey spectra of Ta electrodes before
and after thermal sulfurization.
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Fig. 4. XPS depth profiles of O, C, Ta, S and Si
elements for Ta-600 electrode.

TABLE 1

XPS analysis of the Ta films surfaces before and after
thermal sulfurization giving elemental composition.

Ta Ta-400 Ta-600
Ta Af [at. %] | 59.7 51.8 51.4
0 1s [at. %] 37.1 42.1 41.2
C 1s [at. %] 3.2 44 3.8
S 2p [at. %] - 1.7 3.6
N 1s [at. %] - - -

respectively. This indicates that the increase of an-
nealing temperature leads to more sulfur incorpo-
ration on the surface of the electrodes.

In order to probe the incorporation of S in the
treated films, we have performed XPS depth profil-
ing of the Ta-600 film as shown in Fig. 4. This kind
of profiling permits a clear visualisation of the ele-
mental distribution from the film surface to the bulk
region. The Ta and O are both accumulated on the
surface (without etching, t = 0). The O decreases
simultaneously with etching time increase from the
top surface to the bulk, while the Ta percentage
amount increases with the etching time increase.
This indicates surface oxidation of the film since
the Ta and O behave oppositely. Concerning the S,
its amount also decreases with the etching time in-
crease. However, the value tends to almost zero
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Fig. 5. Ta 4f high-resolution XPS spectra for the

(a) as-deposited Ta, (b) Ta-400 and (c) Ta-600
films.

before that of O and Ta, which indicates that S ac-
cumulates only at the surface and subsurface region
of the film. Indeed, this can be enough to change
the electrochemical properties of the film since ECs
is a surface region process.

The Ta 4f XPS high-resolution spectra of the
Ta, Ta~-400 and Ta-600 electrode surfaces are shown
in Fig. ba—c, respectively. In the case of the Ta
film, the peak deconvolution revealed that several
chemical states contributed to the overall spectrum.
A doublet of Ta 4f7/2 and Ta 4f5/2 located at
about 21.2 and 23.1 eV, respectively, can be at-
tributed to metallic tantalum [28, 29]. In addition,
another pair of peaks at approximately 25.6 and
27.5 eV can be ascribed to Ta 4f7/2 and Ta 4f5/2,
respectively, which can be assigned to tantalum ox-
ide [28-30]. In the case of the Ta-400 (Fig. 5b) and
Ta-600 (Fig. 5¢) films, the pair of peaks that are at-
tributed to tantalum oxide, remains always presents
in both films. However, the pair that was attributed
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Fig. 6. S 2p high-resolution XPS spectra for (a)
Ta-400 and (b) Ta-600 films.

to metallic tantalum disappears and two new peaks
centered at 22.7 and 24.3 eV appear in the case of
sulfurized films. These peaks are attributed to Ta
4f7/2 and Ta 4f 5/2, respectively, in tantalum sul-
fide (TaS) [30, 31].

It is worth to mention that the intensity of Ta—S
peaks in Ta-600 film is higher that those in Ta-400
films which is consistent with the values of sulfur re-
ported in Table I, since Ta-600 contains more sulfur
than the Ta-400 film.

The S 2p spectra of the treated Ta-400 and Ta-600
films were also fitted to develop an insight of any
surface chemistry changes as a result of thermal sul-
furization (Fig. 6). In both films, the S element can
be deconvoluted into two independent components
centered at 160.9 and 163.3 €V, which correspond
to S—Ta (S 2p3/2) and/or S-O-Ta (S 2p3/2)/S-H
(S 2p3/2) bonds, respectively [23, 31, 32]. Nonethe-
less, it is believed that the peaks at 163.3 eV are
more probably attributed to S-O-Ta (S 2p 3/2) due
to the high oxygen content on the film surfaces. The
S 2p and Ta 4f peak deconvolutions indicate an in-
creased number of surface defects such as under-
coordinated Ta atoms, and oxidized Ta [23] due to
sulfur insertion.

Figure 7 presents the cyclic voltammograms (CV)
of the as-deposited and sulfur-treated Ta electrodes
in 1 M NaySO, electrolyte solution at different
scan rates (5 to 1000 mV/s) in a potential win-
dow of (—0.8-0). The as-deposited Ta metallic
electrode exhibits low capacitive current density
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Fig. 7. CV curves at various scan rates of (a) as-
deposited Ta, (b) Ta-400, and (c) Ta-600 electrodes.

with a oxidation/reduction peaks (may be due to
metal oxidation at this potential window) at around
—0.27 eV (Fig. 7a). Upon RTA treatment at 400°C
and 600°C, the CV curves exhibited a capaci-
tive current, but without any oxidation/reduction
peaks. The CV curves of Ta-400 and Ta-600
(Fig. 7b and c) revealed a near-symmetric rectan-
gular shape even at a high scan rate of 1000 mV /s,
indicative of a quasi-ideal capacitive behavior.

The comparison of the CVs representing the ca-
pacitive current of the three electrodes at the scan
rate of 100 mV /s are displayed in Fig. 8a. It is
evident that the thermal sulfurization treatment
of the Ta electrode at 400 and 600°C leads to
a noticeable increase in capacitive current (spe-
cific capacitance) through a modification of the
as-deposited Ta surface into a more electrochemi-
cally active electrode. Rapid thermal sulfurization
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Fig. 8. (a) Comparison of CV curves of Ta based
electrodes before and after sulfurization treatment
at scan rate of 100 mV/s, (b) variation of areal ca-
pacitance of the Ta based electrodes at different
scan rates.

annealing may, therefore, be envisioned as a promis-
ing route towards producing high energy and power
density TMDs electrodes for electrochemical capac-
itors. The variation in the areal capacitances of the
different Ta electrodes before and after thermal sul-
furization, as a function of scan rates, are shown
in Fig. 8b. It can be seen that the capacitance de-
creases upon increasing the scan rate, suggesting
that the electrode surface becomes partially inac-
cessible at high scan and charging-discharging rates.
Furthermore, it is clear that the Ta-600 electrode
has the highest capacitance. Such behavior may
be related to the larger surface area of the Ta-600
film (as demonstrated from AFM analyses) as well
as to the presence of a considerable sulfur amount
on the surface, when compared with other Ta- and
Ta-400-based electrodes. For the Ta-600 electrode,
the areal capacitance values calculated from the CV
curves (Fig. 7) using (1) were 3.3 and 0.27 mF /cm?
for 5 and at 1000 mV/s scan rates, respectively
(when compared to 2.4 and 0.09 mF/cm? for the
Ta-400 electrode). Therefore, the areal capacitance
was enhanced by 3.4 and 4.5 in the case of the Ta-
400 and Ta-600, electrodes, respectively, when com-
pared to the as-deposited Ta electrode (0.7 mF/cm?
at 5 mV/s). Taking into account the ultra-thin na-
ture of the deposited films (140 nm thick). Increas-
ing film thicknesses is expected to lead to a con-
siderable increase of the film areal capacitance as
already reported in the case of supercapacitor elec-
trodes in the form of films [6, 7].
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Galvanostatic charge-discharge (GCD) curves at
current densities of 0.02 mA /em? for the Ta, Ta-400
and Ta-600 electrodes are presented in Fig. 9, which
displays a voltage drop (IR drop) of 0.061, 0.008
and 0.005 V, respectively. These values attest to
the superior electrical conductivity of the Ta-600
electrode, which is consistent with the CV results.

The capacity loss of the Ta-600 electrode after
10,000 consecutive cycles at a scan rate of 100 mV /s
is 24%, as shown in Fig. 10. This cycling stability
is comparable to other TMDs nanostructures with
high specific capacitance [23, 24].

4. Conclusions

In this work, an ultrathin metallic Ta film was de-
posited by DC-sputtering onto Si substrates, then
subjected to rapid thermal sulfurization under ni-
trogen atmosphere at 400 or 600°C. The sulfur-
ized films were tested as electrodes in electrochem-
ical capacitors in 1 M NaySO4 aqueous electrolyte.
It was found that the sulfurization treatment leads
to structural and surface chemistry modification of
the annealed Ta electrodes, which led to an im-
provement of their electrochemical storage perfor-
mance. A 4.5 fold enhancement of the specific ca-
pacitance was measured for the electrodes annealed
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at 600°C, which was associated with the increase
of the surface area, and the presence of the TaS,
phase at the surface and subsurface region. In ad-
dition, the capacitance seems to increase with the
increase of the sulfur content on the treated Ta sur-
face. The sulfurized electrodes exhibit a maximum
areal capacitance of 3.4 mF /cm? at 5 mV /s (equiv-
alent to 261.5 F /cm?) which is expected to increase
further as the thickness of the Ta deposit increases.
In addition, the cycling stability reached 10,000 cy-
cles in 1.0 M NaySOy electrolyte with 76% capac-
itance retention. These findings highlight thermal
sulfurization as a promising route to synthesis of
different transition metal chalcogenides in general
and TaS in particular with improved charge storage
properties.
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