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Abstract: We studied the possibility of using pulsed laser deposition (PLD) for the formation of
a MoSy /WSe2 heterostructure on a dielectric substrate. The heterostructure can be employed for
effective solar water splitting to produce hydrogen. The sapphire substrate with the conducting
C(B) film (rear contact) helped increase the formation temperature of the WSe; film to obtain the
film consisting of 2H-WSe, near-perfect nanocrystals. The WSe; film was obtained by off-axis
PLD in Ar gas. The laser plume from a WSe; target was directed along the substrate surface. The
preferential scattering of selenium on Ar molecules contributed to the effective saturation of the
WSe; film with chalcogen. Nano-structural WSe, film were coated by reactive PLD with a nanofilm
of catalytically active amorphous MoSy..4. It was established that the mutual arrangement of energy
bands in the WSe; and MoSy .4 films facilitated the separation of electrons and holes at the interface
and electrons moved to the catalytically active MoSy 4. The current density during light-assisted
hydrogen evolution was above ~3 mA/ cm? (at zero potential), whilst the onset potential reached
400 mV under irradiation with an intensity of 100 mW/cm? in an acidic solution. Factors that may
affect the HER performance of MoSy 4/ WSe, /C(B) structure are discussed.

Keywords: hydrogen evolution; pulsed leaser deposition; heterostructure; photoelectrocataly-
sis; semiconductors

1. Introduction

Transition metals chalcogenides have received considerable attention from scientists
involved in the development of photoelectrochemical cells for producing hydrogen by
solar water splitting [1-3]. These semiconducting materials have physio-chemical prop-
erties that enable their usage as both photo-active materials and hydrogen evolution
electrocatalysts [4-6]. The good catalytic properties of metal chalcogenides (particularly
amorphous molybdenum sulfides MoS;) allow the compounds to replace expensive plat-
inum. Moreover, they can ensure high efficiency of photo-assisted hydrogen evolution
when using silicon-based heterostructures (n+p-Si) [7-9]. The photoactivity of crystalline
transition metal dichalcogenides is sufficient for creating photocathodes based on these
materials. Efficient hydrogen evolution is usually achieved by using an expensive (Pt/Ru)
cocatalyst [10,11].

It is essential to coalesce the useful semiconductive and catalytic properties of transi-
tion metal chalcogenides in creating hybrid or heterostructures. These structures consist
entirely of thin-film metal chalcogenides that have been selected for their structure and

Nanomaterials 2021, 11, 1461. https://doi.org/10.3390/nano11061461

https://www.mdpi.com/journal /nanomaterials


https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0001-9179-8991
https://orcid.org/0000-0001-7105-5322
https://orcid.org/0000-0003-2637-1371
https://doi.org/10.3390/nano11061461
https://doi.org/10.3390/nano11061461
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11061461
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11061461?type=check_update&version=2

Nanomaterials 2021, 11, 1461

20f 17

chemical composition. These compounds also act as photo-assistant agents in water split-
ting for hydrogen production [12].

Tungsten diselenide is a promising photo-active transition metal dichalcogenide [12-15].
Crystalline WSe; is a p-type semiconductor with a small band gap (~1.1 eV). If the con-
ductivity is sufficiently high, this compound can be combined with catalytically active
n-type metal chalcogenides to form photocathodes. The central requirement for WSe;
films used in such photocathodes arises from the need to obtain a nearly perfect structure
with minimum defects, including edge states. The recombination rate of nonequilibrium
carriers (electrons and holes), which form during irradiation, decreases in the process.
However, nanostructured WSe; films can have a greater area for hydrogen evolution, while
edge states can be passivated by a co-catalyst [10,13]. WSe; films with a nearly perfect
crystal lattice are usually obtained by chemical synthesis (from the vapour phase or in a
special solution) or by the selenization of thin-film precursors (for instance, [16,17]). These
techniques have both advantages and disadvantages. Thus, finding alternative techniques
to obtain thin WSe; film with targeted properties remains a challenge.

In its traditional on-axis configuration, pulsed layer deposition (PLD) makes it possible
to create WSe, with a crystal structure and good catalytic properties [18-21]. However,
when using the on-axis PLD to obtain WSe; films, problems were revealed with obtaining a
stoichiometric composition with a perfect chemical state of atoms in the film. This situation
can be attributed to several factors, including the preferential sputtering of selenium
on a growing WSe, when exposed to laser-plasma and the propensity of selenium to
form pure Se nanoparticles at room temperature or to be desorbed at higher substrate
temperatures [20,22-24]. Submicron- and nanoscale particles of metal W can be introduced
into the film [25]. These particles form upon laser irradiation of a WSe; target.

In the case of on-axis PLD geometry, the substrate is placed normally to the axis of the
laser plume expansion. Fominski et al. [26] have established that, under some on-axis PLD
regimes, using a buffer gas makes it possible to decrease the efficiency of the preferential
self-sputtering of chalcogen atoms. However, this technique suffers from considerable
limitations: under some regimes of ablation of a dichalcogenide metal target, a laser plume
may form and localize in a narrow solid angle. It has been revealed that chalcogen atoms
can move to the plume periphery, while a buffer gas cannot preclude the metallization of
the centre of the film deposition area [27].

Experiential studies of amorphous molybdenum sulfide (a-MoSy) catalytic film cre-
ation have shown that, during off-axis PLD, the buffer gas has the conditions necessary for
the effective saturation of films with chalcogen atoms [28]. These conditions are a result of
the difference between the S and Mo atomic masses. During off-axis PLD, the substrate
is placed parallel to the plume expansion. The film grows chiefly through the deposition
of atoms that have collided with buffer gas molecules and changed their direction. The
same effect can be achieved during the off-axis PLD of WSe, films due to the substantial
difference between the W and Se atomic masses. One of the goals of this study was to
test whether the off-axis PLD technique could be applied to a WSe, target to obtain WSep
nanocrystal films that are nearly perfect in terms of structure and chemical state.

Films based on a-MoS,-nanomaterial have a high electrocatalytic activity during hy-
drogen evolution reaction (HER) [7,13,29-31]. The most common technique to obtain such
films is a chemical synthesis or chemical deposition in the solutions of special precursors.
The applicability of a laser-based technique to create amorphous a-MoSy films with good
electrocatalytic properties has been described in the literature [28,32-35]. Fominski et al.
demonstrate that the PLD technique is associated with the highest catalytic activity in
MoSy -4 films because they contain Mo3S1,/Mo3S13 clusters [35]. It is suggested that re-
active PLD (RPLD) in HjS gas be used to create thin homogenous a-MoS, films with a
high content of catalytically active states of sulfur [34]. Performing on-axis RPLD from
a Mo target prevents the formation of a substantial number of particles of various sizes
during ablation. It also ensures a relatively conformal coating of a rough surface, which is
typical of catalysts. This beneficial effect is possible because deposition is carried out using
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a flux of Mo atoms, which scatter at different angles once collided with H,S molecules.
Given the difficulty of predicting the conductivity type in a-MoS, films with increased S
content, it was necessary to establish whether the mutual arrangement of energy bands in
the MoSy.4/WSe; heterostructure is optimal for the effective separation of electron-hole
pairs when light irradiated during the photo-assisted HER.

It is widely accepted that the material of the rear contact to the semiconductor can
have a pronounced effect on the current transport in the semiconductor photovoltaic
structure and probably also the photoelectrocatalyst [36]. We investigated boron-doped
carbon films as rear contacts. A preliminary study showed that the introduction of boron
atoms could produce p-type conductivity of C(B) films [37]. Films with good conductivity
and mechanical strength were created by PLD from a mixed boron/graphite target. The
substrate of the heterostructure was a sapphire plate. However, sapphire can be replaced
by a cheaper material—glass, quartz, etc.

Our study aimed to form a multi-layered MoSy.4/WSe, /C(B) by PLD. The structure
had to contain thin-film nanomaterials with properties sufficient for an effective photo-
assisted HER in an acidic solution. When selecting PLD conditions for obtaining these
nanomaterials, we used the results of a preliminary investigation of each nanomaterial.
After the heterostructure have been assembled (i.e., after layer-by-layer nanomaterial
deposition), chosen PLD conditions may prove to be non-optimal for efficient photoelec-
trocatalysis of hydrogen evolution. Nonetheless, the findings made it possible to produce
recommendations on how laser-based processes may be improved and the structure and
composition of selected nanomaterials modified.

2. Materials and Methods
2.1. Experimental Methods for On-Axis and Off-Axis PLD of Functional Nanolayers for
MoS,...4/WSe,/C(B) Heterostructure Formation

Figure 1 shows the mutual arrangement of the target and the substrate when using
on-axis and off-axis PLD for the formation of a MoSy..4/WSe; /C(B) heterostructure. The
on-axis PLD configuration was used to deposit a C(B) film. The target, which consisted
of a carbon (soot) and boron powder mixture in the proportion C/B~6, was concurrently
ablated. For more detail on target manufacturing and the selection of laser ablation, see [37].
A Solar LQ529 laser (Minsk, Belarus) was used to ablate the target. The pulse duration
and energy were 10 ns and 100 m] respectively. The pulse repetition rate was 20 Hz. The
energy density on the surface of the C(B) target was 9 J/cm?. The substrate was placed to
the laser plume axis, 3 cm away from the target, and heated to 500 °C. The deposition was
performed in a vacuum at a residual pressure of 5x 10~# Pa. The deposition period of C(B)
films was 10 min. The film thickness did not exceed 150 nm.
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Figure 1. A schematic of the PLD technique employed to form functional layers in a
MoS; .4 /WSe, /C(B) heterostructure on a sapphire substrate. Comments are given in the text.

A WSe, film was deposited by off-axis PLD on the surface of the substrate coated with
a C(B) film. The substrate was rotated 90° and placed along the laser plume axis 2 cm away
from the WSe; target, which was manufactured by cold pressing of WSe, powder [22].
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During the WSe, target ablation, the laser fluence was reduced to 4 J/cm?. The substrate
temperature was 700 °C. WSe; film deposition was performed in an Ar + 5% Hj, mixture
at a pressure of 15 Pa. The gas mixture was introduced into a chamber that had been
evacuated to a residual gas pressure of 5 x 10~# Pa or less. The deposition time of a WSe;
film of a thickness of ~200 nm was 20 min.

After the formation of WSe; films, the sample was allowed to cool down to room
temperature. Then it was rotated 90° for subsequent MoS, film deposition by PLD in the re-
action gas. The Ar + 5% Hj gas mixture was pumped out with the help of a turbo-molecular
pump, and H,S gas was introduced into the chamber until the pressure reached ~26 Pa.
The Mo target ablation was carried out using 100 mJ pulses. The MoS, film deposition
time was set at 6 min. The thickness of a deposited MoS;, film on a smooth substrate did
not exceed 20 nm. The choice of the Mo ablation conditions and the H,S pressure was
motivated by the results of preliminary investigation of RPLD of MoS; films [38]. Under
the chosen conditions of on-axis RPLD, the expected ratio was x = S/Mo~4.

2.2. Structural, Chemical, Electrical, Optical, and Photoelectrochemical Characterization Techniques

In this study, WSe;, films were produced by off-axis PLD for the first time, and
thus they require further examination. Yet, C(B) and MoS; films obtained by on-axis
(R)PLD have been studied extensively. We also discussed their structural and chemical
properties in several publications. Therefore, in this article, we will focus on the information
that will give a comprehensive picture of the components (layers) of the MoSy .4/ WSe, /
C(B) heterostructure.

The surface morphologies of the prepared films and heterostructures were examined
by scanning electron microscopy (SEM, Tescan LYRA 3, Brno, Czech Republic). Using
this microscope, the surface distribution of elements was studied by energy dispersive
X-ray spectroscopy (EDS). The structure of the films was investigated by micro-Raman
spectroscopy (MRS, Horiba, Kyoto, Japan), using a 632.8-nm (He-Ne) laser. The cross-
section of the laser beam was <1 um. To explore the structural features of WSe; films
obtained by off-axis PLD, the films were separated from the substrate and transferred onto
metal grids to study by high-resolution transmission electron microscopy (HRTEM) and
selected area electron diffraction (SAED) with the help of a JEM-2100, JEOL microscope
(Toyo, Japan).

Band gaps (Eg) in the prepared films were measured optically by processing absorption
spectra. To this end, a Tauc plot was constructed to describe the dependence between
(ahv)/* and (hv), where a is the absorption coefficient, hv is the photon energy, and r
is a parameter that is taken to be 2 for indirect transitions. The optical absorption and
transmission spectra were measured using an Agilent Technologies Cary Series UV-Vis-NIR
spectrophotometer. Special samples were manufactured to explore the optical properties
of WSep and MoS; films. In these samples, WSe; and MoSy films were deposited on
transparent sapphire substrates in the selected conditions.

The chemical states of WSep and MoSy films were studied by XPS. XPS spectra were
obtained using a Theta Probe Thermo Fisher Scientific spectrometer with a monochromatic
Al Ko X-ray source (hv = 1486.7 eV) and a 400 pm X-ray spot. The spectrometer energy
scale was calibrated using Au4f; , core level lines located at a binding energy of 84.0 eV.
The Advantage Data Spectrum Processing program was used for deconvolution of the
experimental XPS spectra. The Shirley background is an approximation method that
was used for determining the background under an XPS peak. The peaks were fitted
by symmetric convolution of Gaussian and Lorentzian functions. The ratios of atomic
concentrations of elements (x = S/Mo) were calculated considering the intensities of Mo 3d
and S 2p peaks and the corresponding Scofield’s Relative Sensitivity Factor.

The thickness of quite thick MoSy films (thickness is >100 nm) was measured by
SEM. For this, the Si substrate with the deposited thick MoSy film was cleaved and the
vertical cross section was investigated by SEM. These measurements made it possible
to estimate the deposition rate of the MoS, films during reactive PLD. The deposition
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rate was used to determine the time for preparation of a very thin MoSy film (thickness
is ~3 nm). The thickness of this thin film was then estimated from the results of XPS
studies for MoS, /WSe, heterostructure. The thickness of thin MoS,. film was estimated as
quite adequate if the XPS spectra of both films (MoS, and WSey) could be detected at the
same time.

The XPS measurements were used to determine the mutual arrangement of valence
bands (VB) in the semiconductor heterostructures. The employed technique is widely used
to study the band structure in heterojunction the formation of which can cause a change
in the energy distribution of electrons [35,39,40]. The leading edge of the valence band
spectrum was approximated by a linear function using the least-square fit of the leading
edge of the VB spectra. The position of the valence band maximum (VBM) was determined
as the intersection of the approximating linear function and the baseline. Determining the
shift between the core levels of semiconductors in the heterojunction made it possible to
calculate the valence band offset (VBO).

To calculate the VBO in a MoS /WSe, heterostructure, a series of measurements was
performed. Firstly, the XPS spectra of the Mo3d and W4f core levels were measured along
with the spectra of the valence bands of quite thick MoS, and WSe, films. Secondly, the
spectra of the Mo3d and W4f core levels were measured for a MoS .4/ WSe; heterostruc-
ture, in which the thickness of the upper layer (MoSy) did not exceed 3 nm. Thirdly, the
VBO value for heterojunctions was calculated based on the formula:

VBO = (Emo3ds/2 — Ewafr/2)interface + (Bwagz/2 — VBMw)puik — (EMosds/2 — VBMuo) bulk,

where VBMy and VBM,, are the energies of the upper edge of the valence band for WSe,
and MoSy, respectively. ‘Interface” stands for spectra for heterojunctions, and ‘bulk’ for the
spectra of thicker films on C(B)/Al,O3 substrates.

The work function (¢) needed to withdraw an electron from a WSe; film was cal-
culated using the formula @ = hv — EC*Off + Er, where EC*Cff is the secondary electron
cutoff, Er is the Fermi level if these magnitudes are considered on a kinetic energy scale.
The Fermi level was determined based on an analysis of the energy spectrum of the valence
band. To enable XPS investigation, the samples were created on a conducting C(B) film.
This way, charge storage was prevented in the sample. The zero-value point of the binding
energy scale corresponded to the Fermi level. In this case, the E€“ff value marked on the
kinetic energy scale coincides with .

The electrical properties of C(B) films on sapphire substrates were studied by a four-
contact method in the van der Pauw geometry; Hall-effect measurements were performed
at room temperature. A magnetic field, varying from 0 to 1 T, was used for Hall-effect
characterization. Metallic contacts to the sample with a circular mesa were formed from an
InSn alloy, and the linearity of the volt-ampere characteristics of all contacts was monitored.
During the measurements, the direction of the current was switched to eliminate the effects
of thermoelectric power. The resistivity was calculated by averaging the values from all
pairs of contacts.

To study the photoelectrocatalytical properties of MoSy/WSe, /C(B)/ Al,O3 samples,
we irradiated these samples with 100 W Xe lamps in an 0.5 M H,SO4 aqueous solution. The
light intensity was 100 mW /cm?. A three-electrode configuration was used to determine
the photo-assisted current in an electric circuit with modified cathodes. The polarization
curves were measured using linear sweep voltammetry (LSV) with a change in the applied
potential from —100 to 400 mV and a scan rate of 2 mV/s. When measuring LSV curves
and the time evolution of the photocurrent, the light source was turned on and off. For
chronoamperometry measurements, the potential of the photocathode was 0 V (relative to
the reversible hydrogen electrode, RHE).
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3. Results
3.1. On-Axis PLD of C(B) Films

Figure 2a,b show the morphology of a C(B) film formed on sapphire by traditional
PLD. Detached rounded particles were observed on the smooth surface of C(B) films. The
particle size ranged from 0.1 to 0.5 um. This morphology is attributed to the deposition
of B-rich particles [37]. The Raman spectrum of a C(B) film has two broad peaks at 1343
and 1545 cm~! (Figure 2c), which correspond to the peaks marked D and G. The peaks are
shifted to the lower wavenumber relative to the peaks associated with graphite (1360 cm ™!
and 1580 cm ! respectively). This shift meant that the films had a graphite-like local
packing, which contained B atoms and some C atoms with sp?>-bonding in sp?-matrix. A
more detailed analysis of the Raman spectra of C(B) films obtained by PLD can be found
in [37,41].

—~ 1545
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Figure 2. SEM images obtained at (a) normal and (b) 45° angles to the surface; (c) Raman spectrum
of a C(B) film prepared on sapphire substrate by on-axis PLD in a vacuum.

The C(B) films had a specific resistance of ~1.5 m()-cm and p-type conductivity.
At room temperature, the carrier concentration and mobility were 4.4 x 10" cm~2 and
180 cm?/V's, respectively. The low resistance to the current flow in C(B) films enabled their
use as a rear contact to the MoSy..4/WSe; heterostructure, and p-type conductivity made it
possible for holes formed upon illumination to move from the WSe; film to the external
electric circuit.

3.2. Off-Axis PLD of WSe; Films

Figure 3 shows the morphology of the WSe; film obtained by off-axis PLD on the
surface of C(B) film. The WSe; film covers the surface of the C(B) film with a continuous
layer and the WSe; film had a nanocrystal structure consisted of petal-like crystals with
random orientation relative to the film surface. The linear sizes of WSe; crystals reached
1 um, whereas the thickness of the nanopetals did not exceed 50 nm.

(b

Figure 3. (a,b) SEM images of the surface of the WSe; film (two magnifications) obtained by off-axis
PLD on the surface of C(B)/Al,O3 sample.
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A structural investigation by MRS and TEM/MD techniques demonstrated that the
WSe; film had a crystal structure. An MRS spectrum (Figure 4a) only had peaks character-
istic of the 2H-WSe, phase. The peaks associated with the vibrational modes Ezgl and Ajg
coincided because the shift between them was approximately 3 cm~! [42,43]. The narrow
half-height width of the peak (3 cm~!) points to the suitable quality of the crystal structure.
A high-resolution TEM and SAED analysis of a single WSe; petal showed that it consisted
of several nanocrystals with a hexagonal lattice of the 2H-WSe, phase (Figure 4b). The
nanocrystal size was ~10 nm. Although the nanocrystals were oriented randomly relative
to the c-axis, the basal plane of all the nanocrystals was parallel to the petal surface.

Intensity (arb. un.)

150 200 250 300 350 400
Raman shift (cm™)

o sty ( ,. -

Figure 4. (a) Raman spectra and (b) HRTEM and SAED patterns of the WSe, film obtained by
off-axis PLD.

Figure 5 shows part of the XPS spectra for the surface of WSe; film deposited on the
surface of C(B) film. The W4f spectrum was well described by a doublet in which the
W4f; /, and W4fs5/, peaks had binding energies of 32.24 and 34.47 eV, respectively, which
are characteristic of WSey. The Se3d spectrum was described by a doublet whose Se3ds,,
and Se3dj,, peaks were at 54.50 and 55.37 eV, respectively. The XPS spectra indicated
effective chemical interaction between Se and W during off-axis PLD [13,43,44].

~ {war *Waf,,
= =
= Waf;,—> 3
2 ¥o)
£ S
%; W2p;, ‘E’
g g
E E
40 38 36 34 32 30 58 56 54 52
Binding Energy (eV) Binding Energy (eV)

Figure 5. Core level XPS W4f and Se3d spectra of the WSe; film obtained by off-axis PLD.

An analysis of the energy spectrum of secondary electrons and the valence band
showed that the work function for WSe; electrons was 4.9 eV (Figure 6a). The Fermi level
was close to the bottom of the band gap 0.25 eV away from the upper edge of the valence
band (Figure 6b). An investigation of the WSe, film optical properties demonstrated that
the film had an absorption spectrum characteristic of WSey; the band gap width was
1.4 eV (Figure 7). A study of the band structure of the WSe, film proved that it had p-type
conductivity typical of this compound [45,46].
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Figure 6. (a) XPS spectrum of secondary electrons cutoff and (b) evaluation of the valence band edge
position for a WSe, film obtained by off-axis PLD on the surface of C(B) film.
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Figure 7. (a) Optical absorption spectra and (b) Tauc plots for the WSe; film on the sapphire substrate.
The A and B peaks are explained by excitonic absorption.

3.3. On-Axis Reactive PLD of MoSy..4 Film

Figure 8 shows an SEM image of the surface of WSe, /C(B)/Al,O3 sample after MoSy
film deposition by on-axis reactive PLD. MoS; film deposition did not cause a substantial
change in the morphology of the sample surface. The principal difference between SEM
images of the WSe; film before (Figure 3) and after MoSy film deposition (Figure 8) was that
the sides of the WSe; nanocrystal petals lost their sharpness when coated by a thin MoSx
film, which is a porous structure. Mapping element distribution in the sample surface
suggested that the MoS, film had a sufficiently homogeneous distribution over the sample
surface (Figure 9). During PLD, the collision of Mo atoms with H,S molecules ensured
their scattering at different angles. As a result, a MoSy film could be formed even on those
WSe; nanopetals that were oriented perpendicular to the surface of the substrate.
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Figure 8. (a,b) SEM images (two magnifications) of the MoS, /WSe, /C(B)/Al,O3 sample.

W Lal S Kal

2.5um

So
B Kal_2 C Kal_2

2.5um

2.5um 2.5um 2.5um

Figure 9. SEM image (top gray) and EDS maps (colored) of element distribution on the surface of the
MoSx/WSe; /C(B)/ Al,O3 sample. Intensity of different colors indicates where the corresponding
elements (Se, W, S, Mo, B, and C) are most abundant. The presence of submicron rounded particles is
explained by B-rich particle deposition during C(B) film formation.

Figure 10 shows the results of XPS investigation of a quite thick MoSy film obtained by
on-axis RPLD. An analysis of the chemical state of elements showed (Figure 10a,b) that core
level XPS Mo3d spectrum was well described by a doublet corresponding to the Mo** state.
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The bonding energy of the peak Mo3ds,, was 229.24 V, accounted for by chemical bonds
with S atoms [26,34]. Molybdenum oxides (Mo®*) or metallic Mo were not observed.
The Mo3ds,, peak partially overlapped with the S2s peak. The S2s peak consisted of
singular peaks whose position correlated with that of doublets in the S2p spectrum. When
analyzing the S2p peak, we used the traditional approach, i.e., we identified the states
of sulfur with high and low binding energy (HBE and LBE, respectively) [34,35]. The
LBE doublet was associated with single S% atoms (in MoS,-like clusters) and a terminal
(S2%7 )i ligand (in M03S13/Mo3S1; clusters). The doublet had S2p; /2 and S2p1 /» peaks with
binding energies of 162.04 and 163.35 eV, respectively. The HBE doublet had S2p3,, and
S2p1 /> peaks, whose binding energies were 163.28 and 164.50 eV. This doublet is usually
attributed to apical S* and bridging (S,2~ )y, ligands in M03S13/Mo3S1; clusters. An XPS
studies-based calculation of S/Mo atomic concentration ratios for this film confirmed that
x~4.0. Measuring the valence band spectrum showed that the Fermi level was 0.4 eV away
from the bottom of the band gap (Figure 10c).

) —~1{ S2p _{ Valence band
5 g | 21
< | s 51
3 8] 8] VBM
ey = 2z 0.4 ¢\
5 5 5 |
g7 =l =N
236 234 232 230 228 226 168 166 164 162 160 0 8 6 4 2 0
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

(a)

(b) (c)

Figure 10. XPS spectra of (a,b) core level Mo3d and S2p and (c) the valence band of a relatively thick MoS, film obtained by

on-axis RPLD.

Figure 11a shows the spectrum of optical absorption for the MoSy.4 film. Figure 11b
demonstrates a Tauc plot calculated for that spectrum. The optical properties of MoSy..4
films are very similar to those of WSe,. This similarity sets a limit on the thickness of the
MoS; film in a MoS, /WSe; heterostructure since both films absorbed light most efficiently
at wavelengths below 500 nm. The width of the band gap in a MoS, film was 1.55 eV.
A Fermi level in the lower part of the band gap indicated p-type conductivity in the
MoS; 4 film.

E~1.55eV

(ahv)V'2 (arb. un.)

Intensity (arb. un.)

200 400 600 800 1000 O 1 2 3 4 5
Wavelength (nm) hv (eV)

(a) (b)

Figure 11. (a) Optical absorption spectra and (b) Tauc plots for the MoSy_4 film deposited on
sapphire substrate.

The local packing of atoms in the MoSy .4 film was investigated by MRS. It can be
seen in Figure 12 that the Raman spectrum of the film consists of a set of broadened
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strips, whose position correlates well with that of the bands in the Raman spectrum of a
catalytic molybdenum sulfide film obtained by chemical synthesis in a solution [13] and
by reactive magnetron sputtering [47]. The spectrum had two clear broadened peaks at
~525 and ~550 cm ™!, which were accounted for by the vibrational modes v(S-S); and
V(S-S)p, respectively in Mo3Si3/Mo3Si clusters. The peak at ~450 cm~is explained by
the vibrations of apical S in Mo3S;3 clusters. A broad band in the range 250400 cm s
characteristic of an amorphous featureless structure of MoSy. Thus, the selected regime of
on-axis RPLD made it possible to obtain thin layers of an amorphous molybdenum sulfide
containing MozS13/Mo3517 clusters on the surface of a nanostructured WSe; film. The high
electrocatalytic activity of such an amorphous molybdenum sulfide could contribute to a
photo-assisted HER if the flux of nonequilibrium carriers (electrons) through the interface
with WSe, was sufficient.
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Figure 12. Raman spectra of MoSy 4 film obtained by on-axis RPLD on a sapphire substrate.

3.4. Photoelectrocatalytic Properties of the MoS,..4/WSe,/C(B)/Al,O3 Cathode

Figure 13 shows the results of an investigation of photoelectocatalytic properties of var-
ious heterostructure based on laser-deposited MoSy..4, WSe;, and C(B) films on a sapphire
substrate. During photo-assisted HER, the MoS,.4/WSe;/C(B) materials combination
had the most suitable properties (Figure 13a). A luminous flux caused the photo-current
density to increase to ~3 mA /cm? at a voltage of 0 V(RHE). The photocurrent magnitude
was superimposed with the relatively high dark current raised due to transient effects [43].
The onset potential reached 400 mV (RHE). The heterojunction between MoS; .4 and WSe;
films was largely responsible for an efficient photo-assisted HER in this photocathode.
Cathodes with a single semiconductive layer (MoSy.4 or WSe;) on the C(B) layer were
associated with very low efficiency of photo-assisted HER (Figure 13b).

In the study of the temporal stability of the MoSy.4/WSe, /C(B)/ Al,O3 photocathode,
the current density was found to rapidly decrease by 20% in 20 min under chopped
illumination. After a period of decline, the current density remained relatively stable for
two hours. Longer tests of the temporal stability of this photocathode were not performed.

Table 1 contains collected data for comparison of the main parameters of metal
chalcogenide-based photocathodes that characterize their performance in photo-assisted
HER. It can be seen that the MoS .4/ WSe; /C(B)/ Al;O3 photocathode created by pulsed
laser deposition is not inferior in general in photo-assisted HER to the performance of pho-
tocathodes which were prepared by the methods of wet/dry chemical synthesis, exfoliation,
spin coating, etc. Next, we will discuss the factors that should be overcome to enhance the
photo-assisted HER efficiency of the MoSy..4/WSe; /C(B)/ Al,O3 photocathode.
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Table 1.
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Figure 13. (a) Chopped LSV curve for the MoSy_4/WSe; /C(B)/Al;O3 photocathode in 0.5 M HpSO4
upon illumination; (b) Chopped photocurrent density versus time for MoSy..4/WSe, /C(B)/Al,O3
(curve 1), MoSy-4/C(B)/Al,O3 (curve 2) and WSe, /C(B)/Al,O3 (curve 3) photocathodes at 0 V
(RHE) in 0.5 M H,SO4 upon illumination.

Comparison of photo-assisted HER performances for metal chalcogenide-based photocathodes with

heterojunction structure.

Hetero- Rear Contact/ . Uonset, mV Photocurrent at Light Intensity,
Structures Support Preparation Methods (RHE) U =0, mA/cm? mW/cm? Ref.
WSe;(Pt) gigz?s/l aSLcS process +1 ~500 <1 100 [48]
TiN:O/ Spin coating/ 5
(NH4),Mo3S13/WSe; quarts glass aSLeS 250 5.6 100 [13]
F:SnO,/ SDCI *2/ ,
MoS,0, /2D-WSe, glass drop casting ~300 2.0 100 [49]
MoyS, /WSe2 GO/F:5n0,/ Drop casting/ ~02 ~3-4 100 [50]
glass successive dip coating
WSez-PANI (Polyaniline) Vap01j transport 280 20 30 [51]
nanohybrid technique
] Exfoliation/
WSe; (Pt-Cu) F:SnO, /glass spin-coating ~350 ~4 100 [52]
Pt/(NH4)>,MoS,/WSe, TiN:O/glass aSLcS/spin coating ~200 ~5 100 [14]
mechanical
MoS, /WSe; F:SnO, /glass exfoliation/chemical 800 (SCE) 0.4 100 [53]
vapor deposition
Metallic tungsten Chemical vapor
p-WSes/FePt substrate transport 200 4 100 (541
MoSy/WSe, C(B)/ALO; RPLD/PLD 400 3 100 Vsz)lrsk

*1 the amorphous solid-liquid—crystalline solid process with Pd promoter. *2 selective dip coating impregnation.

4. Discussion

XPS studies of MoSy..4 and WSe; layers obtained by PLD showed that they had
p-type conductivity. Such a combination of the electrophysical properties of contacting
semiconductors creates a situation when the efficiency of photo-assisted HER processes
largely depends on the structure of energy bands at the MoS,..4 /WSe; interface. Figure 14
shows band alignment at the interface which was determined through a comprehensive
study of the films by XPS and optical methods. The conductive band offset (CBO) value
was calculated using the formula:

CBO = VBO + Eg(WSey) — Eg(M0S y_4).
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Figure 14. Band alignment diagram for the MoS 4/ WSe; heterojunction system obtained by PLD.

The obtained CBOvalue equaled 0.1 eV. Thus, the band alignment was of type II,
which is associated with the most efficient separation of photo-generated electron-hole
pairs. In this case, electrons will move into the MoSy layer from the WSe; and participate
in the hydrogen evolution reaction, whilst holes will move from MoS; into the WSe; layer.
From WSe;, holes will migrate into the C(B) rear contact and further into the external
electric circuit.

An additional study of MoSy.4/WSe;/C(B)/Al,O3 samples by electrochemical
impedance spectroscopy (EIS) demonstrated that the C(B) contact layer did not ensure a
sufficiently low resistance to the flow of current. The value of equivalent series resistance
(Rs), which was extracted from EIS data, achieved 30 (2. When a glassy carbon conducting
substrate was used to create a MoSy.4/WSe; /GC photocathode, Rs did not exceed 4 ),
and the density of the photo-assisted HER current increased. Therefore, to increase the
efficiency of a photo-assisted HER when using a MoS .4/ WSe; heterojunction system, it
is recommended to choose a rear contact with an electrical resistance lower than that of
the C(B) film. Further work may focus on the effect of the B concentration on the electrical
properties of such films.

The analysis of the optical characteristics of the MoSy.4 and WSe;, films showed
that these films absorb light rather efficiently. These nanomaterials are potentially active
catalysts for the hydrogen evolution reaction. However, these factors did not provide
effective photo-assisted HER in the MoSy..4/C(B)/Al,O3 and WSe; /C(B)/ Al,O3 samples.
Additional experiments with thicker MoSy..4 and WSe; films did not reveal significant
changes in the efficiency of photo-assisted HER. This indicated that after the generation of
electron-hole pairs under a light flux, electrons and holes could rapidly recombine in the
bulk of the films. The formation of a heterojunction turned out to be the most important
factor contributing to an increase in the photocurrent. At the interface of the MoSy..4 and
WSe, films, not only the processes of separation of nonequilibrium electrons and holes
due to the specificity of the energy bands alignment could occur, but also recombination
processes can be expected. The recombination processes will facilitate to photo-assisted
HER if electrons from WSe; and holes from MoSy .4 actively participated in the recombi-
nation process (Z-schema) [35]. However, one cannot exclude the recombination at this
interface of electrons and holes generated by the light flux in the WSe; film. In addition,
the small size of the crystalline domains in the WSe; film and their random orientation
resulted in a high density of edge states. This should lead to a decrease in the efficiency of
charge separation since such edge states serve as recombination centers [13]. Insufficiently
large values of CBO and VBO for the MoSy..4/WSe; heterojunction could also be the reason
limiting the efficiency of photo-assisted HER in our samples.

Another factor that could reduce the efficiency of a photo-assisted HER with a
MoSy-4/WSe; /C(B)/ Al,O3 photocathode is modification of the MoSy..4/WSe; interface
under the influence of hydrogen sulfide activated by laser-induced plasma. Figure 15
shows W4f and Mo3d XPS spectra measured for a very thin MoS;, film formed by on-axis
RPLD on the surface of the WSe; layer. A comparison of these spectra with those of
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pristine WSe; and MoS; .4 (Figures 5 and 10) demonstrated that the chemical state of W
has practically not changed after the deposition of MoS, film. The Mo3d spectrum shifted
by 0.37 eV towards greater bonding energies, whilst the S2s spectrum increased in intensity.
These changes indicated that, at the initial stage of the MoS, film growth, sulfur could be
effectively deposited on the WSe; as a result of H,S molecules interacting with the WSe;
surface. The plasma that formed in H,S during the ablation of the Motarget could activate
the process. The introduction of S atoms into the WSe, crystal lattice can distort the latter
and thus cause the formation of new energy levels in the WSe; band gap. At the same time,
energy bands will bend in the contact area. Band bending may cause a bonding energy
shift for the Mo3ds,, peak and increase the width at the half maximum of the peak from
1.4 to 1.8 eV. At these energy levels, effective recombination of electrons and holes formed
upon illumination may occur.

Intensity (arb. un.)

Intensity (arb. un.)

40 38 36 34 32 30 238 236 234 232 230 228 226 224
Binding Energy (¢V) Binding Energy (c¢V)

Figure 15. XPS W4f and Mo3d (overlapped with S2s) spectra for a very thin MoSy film obtained by
on-axis reactive PLD on the surface of WSe; layer.

To change the conditions under which the MoSy..4/WSe; interface is formed, one can
employ a different technique for the deposition of a molybdenum sulfide film—one that pre-
vents the influence of plasma-activated H,S gas. Fominski et al. [55] and Giuffredi et al. [32]
demonstrate that the pulsed laser ablation of a MoS; target in a buffer gas enables the
formation of MoS, films with an increased concentration of sulfur (x > 3). These films
have an extremely high electrocatalytic HER activity. The area of MoS; film deposition
(i.e., WSep nanopetals) can be oriented randomly to the axis of the plume expansion [56]. If
this technique for MoS; film deposition is applied, the deposition of Mo and S atom flux
on the interface with the WSe; film occurs almost simultaneously. This contributes to the
formation of Mo-S chemical bonds in the growing film. The energy of atoms deposited
during the ablation of the MoS; target in the on-axis PLD configuration is much lower
than during the ablation of metallic Mo in the on-axis RPLD configuration. As a rule, the
ablation of metals occurs in the conditions of effective laser plume ionization under the
influence of more powerful laser pulses. This factor can also impact chemical processes at
the MoS, /WSe, interface.

The regulation of the MoS,/WSe; interface formation is not the only factor that affects
the efficiency of photo-assisted HER. Another one is the texture of the WSe; layer [10,13].
WSe, petals sitting along the substrate surface minimize the impact of edge states on the
recombination on nonequilibrium carriers. Yet, the orthogonal orientation of the petals
increases the area of the surface involved in catalysis. The negative effect of edge states
can be reduced through their passivation by a MoS, catalyst. We carried out additional
studies to obtain WSe; by off-axis PLD at varying buffer gas pressures. This factor did not
have a marked effect on the texture of WSe; films. When this WSe, formation technique is
used, other parameters of off-axis PLD may vary as well. These are laser fluence, the laser
plume incidence angle, deposition temperature, etc. Co-deposition with some metals (for
example, Pd [13]) will also affect the growth of WSe; films. The optimization of regimes
for obtaining WSe, films with a targeted structure by laser-based methods is a central
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condition for creating HER photocatalysts with suitable characteristics. Achieving the latter
requires further research into the MoS, /WSe, heterojunction system.

5. Conclusions

Using different PLD configurations makes it possible to fully form a HER catalyst
(in one production vessel) on a dielectric substrate (sapphire). A robust rear contact
(conducting layer) was obtained using B-doped amorphous carbon by traditional on-
axis PLD. A nanostructured WSe; layer was grown on the C(B) contact layer. The WSe;
layer consisted of differently oriented nano-petals, which had a nearly perfect 2H-WSe,
crystal lattice. To obtain a WSe; layer, off-axis PLD was performed in a buffer gas. A
catalytic MoSy.4 layer was created on the surface of WSe, petals by on-axis reactive
PLD from Mo target in H,S gas. The temperature of functional layer formation for a
MoSy..4/WSe, /C(B)/ Al,O3 photocathode ranged between 22-700 °C.

The MoSy.4/WSe,/C(B)/Al,O3 photocathode obtained by laser-based processes
has the following characteristics as regards HER in 0.5M H,SO;, acid solution during
light irradiation with an intensity of 100 mW/cm?: the current density at 0 V (RHE) is
~3 MA /cm?; the onset potential reaches 400 mV (RHE). Given that these photocathodes
are made from relatively cheap materials commonly found in nature, these are suitable
characteristics. The performance of MoS, /WSe; heterojunction system for photo-assisted
water splitting for hydrogen production can be substantially increased by enhancing the
composition of the photocatalyst (i.e., employing a different rear contact) and optimizing
PLD regimes for creating functional semiconductor layers.
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