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Abstract—Aqueous ruthenium (III) chloride (RuCl;.3H,0) solution (0.03 M) was sprayed on pre-heated ordinary glass
substrates. Amorphous ruthenium oxide thin films were obtained, which were sulfurized under vacuum at several
lower heat treatment temperatures (400, 450, 500 and 550 °C) in RTP oven. The XRD results indicated the appearance
of the RuS, phase for all the sulfurization temperatures. The layer compositions were confirmed by EDS analysis. Mono-
crystalline and polycrystalline RuS, thin films were obtained. SEM images showed mix of morphologies (filament, par-
ticles, and clusters) with porous surfaces. High absorption coefficients were deduced. The obtained RuS,-thin films
showed different direct band gaps (1.43, 1.80, 1.79, 1.83 eV), which make it a distinct energy conversion and storage
material. The opto-electrical properties of the as obtained RuS,-thin films make them among the best candidats for sev-
eral applications, such as low cost material for low cost solar cells, and for alkaline hydrogen evolution electrocatalysts.
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INTRODUCTION

Ruthenium sulfides belong to the major group of minerals, which
are widely distributed in nature: the family of transition metal sul-
fides (TMS). Besides, ruthenium sulfide (RuS,) is a favorable active
material. Therefore, RuS, has been used in various applications such
as photo-electrochemical [1,2], energy conversion [3], thermal cat-
alytic processing [4-7], energy-related technologies, and photocata-
lytic decomposition of water [8-10]. RuS, presents remarkable activity
against photo corrosion as well as the ability of absorbing visible
light [1]. Then, ruthenium sulfide is the most interesting material
among the transition compounds, and it presents the highest cata-
lytic activity for hydrodesulfurization processes (HDS) [11]. This
makes it a promising candidate as catalyst and replaces MoS, one
[4,11-13]. 1t is also very active for the hydrogenation of the mole-
cules [14]. Ruthenium sulfide is one of several transition metal di-
chalcogenides that crystallize with a pyrite structure [15-17]. More-
over, it shows good stability against photocorrosion and the evolu-
tion of hydrogen and oxygen [18-20]. Higher bias voltage is needed
for good photocurrent efficiency [1,19].

Several techniques had been used for growing RuS, films. In
1979, Passaretti et al. [21] prepared, successfully, RuS, using anhy-
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drous RuCl; and NH,HS in 2-methoxyethyl ether at room tem-
perature. Then, in 1990, Le Nagard et al. [22] used bis-cyclopenta-
dienyl ruthenium (ruthenocene) and hydrogen sulfide as precur-
sors for preparing RuS, thin films by metalorganic chemical vapor
deposition technique (MOCVD). The obtained RusS, films, during
this work, were grown on various substrates, such as SiO,, ALO,
and GaAs. In 1994, Ashokkumar et al. [1] coated TiO, electrodes
with RuS, colloids. Thus, the electrodes showed spectral sensitiza-
tion effect with an increase in the photocurrent response of TiO,
towards longer wavelength spectral region. In another approach, RuS,
nanoislands were grown on Au(111) using chemical vapor deposi-
tion [14]. Indeed, during this work [14], the RuS,(111)/Au system
provided an excellent model system for ruthenium sulfide catalysts.

Kratzig et al. [19] prepared, for the first time, RuS, thin films
deposited on (100) and (111)-oriented FeS, (pyrite). Using optical
reflectance spectroscopy and Seebeck coefficient measurements, a
direct band gap of 1.9 eV and p-type conductivity were determined.

Referring to the concentration of several researchers on this mate-
rial that having interesting properties such as its band gap energy
that was reported in different studies to be ~1.8, ~1.9 and ~1.3 eV
[1,4,8,15,19,22,23].

Knowing the efficiency, the simplicity; the low cost, the non-tox-
icity, and the reproducibility of the spray pyrolysis technique for grow-
ing thin films [24-29], we thought about its use as a novel method
for synthesizing thin films of this interesting material: ruthenium
sulfide. Indeed, the obtained Rus$, layers, using spray pyrolysis tech-
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nique, may have better optoelectronic properties than those obtained
by other techniques. The different optical transitions are deduced
by plotting, for each sample, (c¢h- 1)’ vs the photon energy (h-v) for
the direct ones and (e¢h-1)"* vs (h-1) for the indirect ones. The band
gap is the transition corresponding to the lowest obtained photon
energy (direct or indirect), where o is the absorption coefficient.

EXPERIMENTAL DETAILS

Amorphous ruthenium oxide thin films were deposited on ordi-
nary glass substrates by spray pyrolysis. Then, the obtained films
were heat treated under sulfur atmosphere. In a first step, the glass
substrates were cleaned in aqua regia (mixture of concentrated nitric
and hydrochloric acids), then in acetone, and finally in deionized
water during 15 min for each step. After their cleaning, they were
put in an oven for drying. In a second step, ruthenium (III) chlo-
ride (RuCl;-3H,0) aqueous solution (0.03 M) was prepared.

The ionization reaction of water is written according to the fol-
lowing equation:

2H,0—H,0"+OH 1)

And after dissolving the RuCl,-3H,0 (black powder) in deionized
water, its ionization reaction is according to the following equation
[30]:

2Ru (IINCL,—2Ru™ +6CI° )

The cations (Ru*") get complexed with (OH") forming ruthenium
hydroxide, according to the following reaction:

Ru**+30H —Ru(OH), (3

The excess of anions (OH") reacts with ruthenium hydroxide and
converts it to ruthenium oxide, according to the folowing reaction:

2835
Ru(OH),+OH —RuO,+2H,0 (4)

A prepared dark aqueous solution was sprayed onto ordinary glass
substrates, pre-heated at 350 °C, for 5 min. The spray flow was of 2.6
ml/min. Dark amorphous ruthenium oxide layers were obtained,
then were heat treated under sulfur atmosphere (~10~° torr) at vari-
ous sulfurization temperatures (400, 450, 500, and 550 °C) for 3
hours in RTP oven. The as-obtained ruthenium sulfide films were
characterized using the X-ray diffractometer (D8 Advance Bruker)
with Cu-Ker radiation operated at 40 KV and 40mA (1=1.5418 A)
in 26 range 20°-70°, for analyzing the crystalline structure. Optical
properties (transmittance and reflectance) were measured at nor-
mal incidence with a UV-VIS-NIR spectrophotometer Model Shi-
madzu 31008 for the wavelength range from 300 to 1,800 nm.
Moreover, their electrical properties were determined using the
four-point method. Finally, electronic scanning microscopy (SEM)
equipped with energy dispersive spectroscopy (EDS) was used for
studying the surface morphology and element compositions of the
obtained ruthenium sulfide thin films.

RESULTS AND DISCUSSION

1. Structure and Texture

After preliminary experiences for adaptation of the deposition
parameters, we succeeded to obtain the ruthenium disulfide layers.
To identify the obtained phases, the as-prepared films were char-
acterized by XRD. Kratzig et al. [19] noted that the obtained RuS,
crystallizes in the cubic space group: Pa-3 (laurite, JCPDS-Card
Number 00-012-0737). Its lattice constant is a=5.6180 A. After sul-
furization under vacuum at different temperatures (400, 450, 500
and 550 °C) for 3 hours in an RTP oven, of the pre-sprayed amor-
phous ruthenium oxide layers, the obtained films were character-
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Fig. 1. XRD diagrams of Rus$, thin films obtained by sulfurization, under vacuum at different sulfurization temperatures (400, 450, 500, and
550 °C) for 3 hours in RTP oven, of amorphous ruthenium oxide layers pre-deposited on glass substrates.
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ized by XRD. The corresponding patterns are shown in Fig. 1.
Therefore, we concluded that all the obtained samples at different
sulfurization temperatures presented peaks of RuS, (laurite, JCPDS-
Card Number 00-012-0737), but with different intensities and ori-
entations. Then, at 400 °C an intensive peak was detected at 20=
31.82° with the orientation (200) corresponding to RuS, peak, which
points at a higher degree of crystallinity. In this case, the existence
of a single orientation of RuS, shows that the formed ruthenium
disulfide is monocrystalline. At 450 °C, the samples show the dif-
fraction lines of RuS, phase with the characteristic peak at 26=
31.818", having a lower intensity than that at 400 °C at the same 26
value, which corresponds to the (200) orientation. A second peak
at 20=54.060" according to the (311) orientation. At 500 °C, the
samples show the diffraction lines of RuS, with the characteristic
peaks at 20=27.421° (111), 260=31.817" (200), 26=54.060" (311),
and a weaker one at 26=45.571° that corresponds to the (220) ori-
entation. Furthermore, additional diffraction peaks of metallic ruthe-
nium (JCPDS No: 00-006-0663) appeared, while the intensity of RuS,
peaks drops oft significantly. Indeed, obviously at substrate tem-
peratures higher than 500 °C, the RusS, is no longer stable under
these sulfurization conditions (vacuum ~10"° torr, spray with a gas
vector: Compressed air) and decomposes on the substrate to metal-
lic ruthenium. Then, the EDX analysis of the samples obtained at
these higher sulfurization temperatures reveals a considerable increase
of the ratio: Ru/S. At the sulfurization temperature of 550 °C, the
same peaks as those obtained at 500 °C are present but with small
difference of intensity. The existence of several orientations of RuS,,
in the case of the samples obtained after sulfurization at the tem-
peratures of 500 °C and 550 °C, shows a polycrystalline material.
These results were deduced by other researchers [31].

To confirm the good crystallinity of the obtained layers, Table 1
presents the half maximum intensity (FWHM) of the line having
the highest intensity, on the XRD diagrams, calculated for all the
obtained RuS, films. The obtained results (Table 1) confirm the good
crystallinity of the samples obtained after sulfurization at 400 °C.
Indeed, the highest peak on the XRD diagram of the pre-cited films
presents the lowest value of the half maximum intensity, which
confirms that the crystallinity obtained at this temperature was the
best. The decrease of the crystallinity when the sulfurization tem-
perature increases confirms also the decomposition of RuS, on the
substrates.

2. Morphological Characterization
To investigate the morphology of the obtained ruthenium disul-

Table 1. Half maximum intensities (FWHM) of the lines having the
highest intensity on the XRD diagrams of the RuS, films,
obtained by sulfurization under vacuum at different tem-
peratures (400, 450, 500 and 550 °C) for 3 hours in an RTP
oven, of amorphous ruthenium oxide thin films, pre-sprayed

on glass substrates
Sulfurization temperature (°C)  hkl 20(°) FWHM (°)
400 200 31.8467 0.1624
450 200 31.7591 0.656
500 200 31.7175 0.8983
550 200 31.8403 0.5665
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fide thin films, scanning electron microscopy (SEM) was performed
employing a Thermo Scientific Q250 SEM. This microscope is also
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Fig. 2. SEM micrograph of RusS, thin films obtained by sulfurization,
under vacuum at 400 °C for 3 hours in an RTP oven, of amor-
phous ruthenium oxide layers pre-deposited on glass substrates.
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Fig. 3. SEM micrographs of RuS, thin films obtained by sulfuriza-
tion, under vacuum at 450 °C for 3 hours in RTP oven, of amor-
phous ruthenium oxide layers pre-deposited on glass substrates
by spray pyrolysis.
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Fig. 4. SEM micrographs at different magnifications of RuS, thin
films obtained by sulfurization, under vacuum at 500 °C for
3 hours in RTP oven, of amorphous ruthenium oxide layers
pre-deposited on glass substrates by spray pyrolysis.

equipped with a system for energy dispersive X-ray fluorescence
analysis (EDX, Thermo Scientific), which is used to determine the
composition of the samples. The obtained scanning electron micro-
graphs of the as-deposited thin films are shown in the Figs. 2, 3, 4,
and 5. SEM images for all the obtained layers showed a mix of mor-
phologies (filament, particles, and clusters) with porous surfaces.
At the sulfurization temperature of 400 °C (Fig. 2), the samples show
clustered structure with a good adherence to the substrate. A strong
porosity is observed, as well. However, the layers obtained at the
sulfurization temperature of 450 °C (Fig. 3(a)), present a filament
structure that can clearly be seen at high magnification (Fig. 3(b)).
The samples sulfurized at 500°C (Fig. 4(a)) show clusters inter-
connected and filaments. Fig. 4(b) shows that the layers consisted
of particles also. At the sulfurization temperature of 550 °C (Fig. 5(a)),
the samples show clusters interconnected with each other. But, at
high magnification (Fig. 5(b)) it appears that the layer morphology
consists of a mixture of clusters and filaments covering well the
substrate. The porous surface promotes the permeability of solar
rays, which increases the conductivity of the layers.

(b)

Fig. 5. SEM micrographs at different magnifications of RuS, thin
films obtained by sulfurization, under vacuum at 550 °C for
3 hours in RTP oven, of amorphous ruthenium oxide layers
pre-deposited on glass substrates.

Table 2. EDS analysis of the RuS, films obtained after sulfurization
under vacuum at different temperatures (400, 450, 500 and
550 °C) for 3h in an RTP oven, of amorphous ruthenium

oxide thin films

400°C Element Netcounts Weight% Atom % (Ru/S)%
Ru 23,905 5291 20.30 0.508
S 26,783 24.61 39.96

450°C Element Netcounts Weight% Atom % (Ru/S)%
Ru 18,968 54.49 20.42 0.496
S 25,489 29.75 41.15

500°C Element Netcounts Weight% Atom % (Ru/S)%
Ru 19,324 50.02 20.32 0.495
S 25,376 29.89 40.97

550°C Element Netcounts Weight% Atom % (Ru/S)%
Ru 18,369 50.59 21.81 0.543
S 25,231 29.53 40.13

Korean J. Chem. Eng.(Vol. 39, No. 10)
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Fig. 6. EDX spectrograph of the ruthenium disulfide layers obtained after heat treatment at 400 °C under sulfur atmosphere (~10"* Pa) for
3 h in RTP oven of the pre-sprayed amorphous ruthenium oxide thin films.

SEM images prove that the samples obtained at the sulfuriza-
tion temperature of 400 °C present the best morphology, because
of their surface porosity. These results confirm those obtained by
X-ray diffraction. In Table 2, after consideration of a slight amount
of Ru that could be contributing to the ruthenium oxide (it was
not detected by XRD), the ratio Ru/S was determined by EDX
(Fig. 6) and is approximately 1:2 (Ru:S), which confirms the stoi-
chiometry of the RuS, phase. Indeed, the ratio Ru: S was (1: 1.968)
and (1:2.016), for the samples obtained, respectively, at the sulfur-
ization temperatures 400 °C and 450 °C, where only the RuS, phase
appeared. The strange morphology observed at the higher tem-
peratures of 500 °C and 550 °C confirms the appearance of ruthe-
nium that has become an abundant component after decomposi-
tion of RuS, at these temperatures as explained according to the
EDX and XRD results.

3. Optical Measurements

We took transmission and reflectivity measurements for all the
prepared samples of the as-prepared ruthenium disulfide thin films,
obtained by sulfurization under vacuum (~10"" Pa) at various tem-
peratures (400, 450, 500 and 550 °C) for three hours in RTP oven,
of the amorphous ruthenium oxide pre-deposited by spray pyroly-
sis. The spectrophotometer used was a Shimadzu 3100S. Then, we
determined the absorption coefficient and the possible transitions
(Eq. (5)). Fig. 7(a) and Fig. 7(b) show, respectively, the transmission
and the reflectivity variations versus the wavelength (300 nm-1,800
nm). Therefore, lower transmission and reflectivity percentages are
noted for all the prepared RuS, films, which proves their high absor-
bance. Those of the layers obtained at the sulfurization tempera-
ture of 400 °C were the lowest ones. However, the reflectivity of the
layers obtained at the sulfurization temperature of 450 °C could be
considered as the highest.

Using Eq. (5) to determine the absorption coefficient, all the
layers seem to be highly absorbent. Indeed, a strong absorption is
pointed out (>10*cm™), so one must use Eq. (6) to determine
the absorption of the Rus, layers obtained in the present work.

October, 2022
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Fig. 7. Transmittance (a) and reflectivity (b) spectra of the ruthenium
disulfide layers obtained after heat treatment at different tem-
peratures (400 °C, 450 °C, 500 °C, 550 °C) under sulfur atmo-
sphere (~107* Pa) for 3h in RTP oven of the pre-sprayed amor-
phous ruthenium oxide thin films.

T T
600 800 1800



RusS, thin films, obtained at low temperatures by spray pyrolysis 2839

1x10°

—— T =400°C]

o T=400°C
4 T=450°C B
v T=500C .

T,=550°C
R

1x10°
—— T=450°C

—— T=500°C

1x10°

1x10°

T4=550°C

9x10°4
8x10*
7x10°4

(ahv)? (eV.cm™)?

6x10°

o (cm'1)

5x10*
4x10*
3x10%
2x10°4

1x10*
T T T T T T T T T T 0 T T T T T T T T T = T
0,5 1,0 15 20 25 3,0 35 40 45 0,0 05 1,0 1,5 2,0 2,5 30 35 40 45
hv (ev)

hv (eV)

Fig. 8. Absorption coefficients of RuS, thin films obtained by sulfur-
ization, at various annealing temperatures (400 °C, 450 °C,
500 °C, 550 °C) under vacuum (~10"* Pa) for 3 hours in RTP

Fig. 9. Plots of (c-h-1)” versus the photon energy hy; of the sulfur-
ized ruthenium oxide films under vacuum at different tem-
peratures (400, 450, 500, and 550 °C) for 3 hours in an RTP

oven, of pre-sprayed amorphous ruthenium oxide thin films. oven.
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Fig. 11. Plots of (c-h-1)’ versus the photon energy h; of the sulfur-
ized ruthenium oxide films under vacuum at different tem-
peratures (400, 450, 500, and 550 °C) for 3 hours in an RTP
oven.
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where, T is the transmission coefficient, R represents the reflectiv-
ity, and d is the sample thickness, which was measured, using a
profilometer, of about 350 nm. The absorption coefficient varia-
tions of the of the RusS, thin films, obtained at the different sulfur-
ization temperatures (400, 450, 500 and 550 °C), versus the incident
photon energy (h1) are shown in Fig. 8. Therefore, all the obtained
layers show a high absorption coefficient (@>10" cm™, 1<1,300 nm).
Figs. 9, 10, and 11 show the plots of (a+h-1)"* versus the photon
energy, hy; with n=1 and n=4. Therefore, variation of (ch V)’ ver-
sus hv gives two straight lines for the samples sulfurized at the dif-
ferent temperatures (Fig. 9), suggesting that each layer presents two
direct transitions. Fig. 10(a) shows that RuS, thin films, obtained at
400 °C, present a first direct transition corresponding to a photon
energy of about 143 eV and a second one corresponding to an
energy of about 3.31 eV. Whereas those obtained at 450 °C (Fig.
10(b)), present a first direct transition corresponding to the energy
of about 1.80 eV and the second corresponds to the energy of about
3.86eV. At the sulfurization temperatures of 500 °C and 550 °C,
the obtained samples present two direct transitions at each tem-
perature, also, (Fig. 10(c), Fig. 10(d)). Indeed, at 500 °C, the corre-

sponding energies are 1.79eV and 3.85¢V, and at 550 °C the cor-
responding energies are: 1.8 eV and 3.87 eV. Whereas, at the differ-
ent temperatures, the obtained material presents an indirect transi-
tion corresponding to a photon energy of about 3.2 eV (Fig. 11).
Hence, one can see that the obtained RuS, at the different sulfur-
ization temperatures 400, 450, 500 and 550 °C, presents direct band
gap, corresponding to the photon energies of, respectively; 1.43, 1.80,
1.79, and 1.80 eV. Similar results were observed by several research-
ers [1,8,15,32,33]. Thus, the RuS, thin films, obtained at the sulfur-
ization temperature of 400 °C present a band gap energy of 1.43
eV, a desired value for photovoltaic applications such as solar cells.
Moreover, the band gap energies, of the samples obtained at the
other sulfurization temperatures (450 °C, 500 °C, and 550 °C) may
be considered as desired values for several applications.
4. Electrical Transport Properties

Using the Hall effect measurements. After applying a magnetic
field, B=0.554T, and an initial current of 1 pA, the resistivity and
the conductivity values of the as prepared RusS, thin films were ob-
tained and given in Table 3. The obtained RusS, thin films show n-
type semi-conductor behavior and their mobility ranges from 0.675
to 4870 cm’V " S\, Their electrical resistivity decreases with increase
in the sulfurization temperature from 400 °C to 500 °C and ranges
from 48.591 Q cm (at 400 °C) to 33.302 Q cm (at 500 °C), which
proves the semiconductor behavior of the RuS, thin films in this
region of temperature. But, with increase in the sulfurization tem-
perature from 500 °C to 550 °C, the electrical resistivity of the ob-
tained films increases to reach 43.375 Q2 cm (at 550 °C), which shows
metallic behavior [16,34,35]. Consequently; a semiconductor-to-metal
transition [36]. The conductivity increases from 2.058 10>S-m ™"
(at 400 °C) to 3.0028 102 S-m™ (at 500 °C. Then, decreases to reach
2305 102S-m™* (at 550 °C). The semiconductor-to-metal transi-
tion was observed with a decrease in the sheet concentration by
about 100 times its magnitude. Therefore, the bulk concentration
is about 1.118 10" cm™, at 400°C, about 3.848 10'°cm™, at 500°C,
and about 6.887 10'° cm ™ at 550 °C. This shows also a decrease by
about 100 times its magnitude during this semiconductor-to-metal
transition. These obtained electrical results confirm that 400 °C is
the best sulfurization temperature during the present work and con-
firm the results obtained by X-ray diffraction, SEM and optical
measurements.

CONCLUSION

RuS, has several properties making it a precious material in the
photovoltaic field, and to be shown as the most active catalyst for
hydrodesulfurization processes. Therefore, we are interested in this
research work in the growth of RuS, thin films using a very sim-

Table 3. Resistivity and conductivity values of the RuS, films obtained after sulfurization under vacuum at different temperatures (400, 450
and 500 °C) for 3 h in an RTP oven, of amorphous ruthenium oxide thin films pre-deposited on glass substrates

Sulfurization Resistivity Conductivity Mobility Sheet concentration Bulk concentration
temperature (°C) (Q cm) (Sm™) (cm®V's™ (cm™) (cm™)
400 48.591 2.058 10°* 0.67542 —3.5020E+13 —1.1188E+18
450 33.302 3.0028 107> 4.870 —-6.3892 10" —3.848 10'°
500 43.375 2305107 2.089 —-2.135 10" —6.887 10'°

October, 2022
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ple and non-cost technique: spray pyrolysis. X-ray diffraction stud-
ies showed that the growth of monocrystalline and polycrystalline
RusS, thin films depends on the heat treatment temperature. More-
over, these characterizations revealed preferred growth of RuS,
with (200) orientation at a sulfurization temperature of 400 °C. It
was shown also that the crystallinity of the layers obtained at this
temperature was the best. Scanning electron microscopy showed
for all the obtained layers a mix of morphologies (filament, parti-
cles, and clusters) with porous surfaces. The results of optical absorp-
tion measurements indicated a high absorbance (a>10"cm™") and
a direct band gap for all the obtained layers. According to the vari-
ation of the sulfurization temperature, the deduced band gap ener-
gies were of about 1.43 eV at a sulfurization temperature of 400 °C,
which can be evaluated as an interesting result. The same is for the
layers obtained at the other temperatures and presenting a direct
band gap about 1.80 eV. The most interesting result during this
experimental work is the use of a simple and efficient technique
for obtaining RuS, thin films at lower temperatures compared to
the work done before, and having desired properties for several
applications, which make this technique distinguished. The opto-
electrical properties of the as-obtained RuS, thin films make them
among the best candidates for several applications, such as low cost
material for low cost solar cells, and alkaline hydrogen evolution
(HER) electrocatalysts.
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