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Transition metal dichalcogenides (TMDs), specifically those involving V and Ti, possess
fascinating material properties, making them interesting candidates for scientific studies. The
existing growth methods of these materials are typically limited by scalability — either low
yield or high cost. Here, we propose an alternative 2-step method valid for scalable production.
In the first step, precursor films of Ti/ V are deposited using magnetron sputtering, followed by
the second step of selenization of these samples using elemental Se in a vacuum-sealed quartz
ampoule for conversion to their respective diselenide material. Synthesized films are char-
acterised using scanning electron microscope (SEM), energy dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD) and X-ray photoelectron (XPS). The method demonstrated
here can be used to increase the active surface area of TiSe, and VSe, for their potential cata-
lytic and HER applications using nanostructured substrates, while also providing an opportu-
nity for scalable synthesis of films that can be extended to synthesize other TMDs as well.

Keywords: Magnetron sputtering, thin films, titanium diselenide, transition metal dichal-
cogenides, vanadium diselenide.

1. INTRODUCTION

Transition  metal  dichalcogenides
(TMDs) exhibit many scientifically and
technologically important properties; there-
fore, since the 20th century they are being
studied with a lot more focus and interest
[1]-[5]. Their adaptability and unique prop-
erties due to their anisotropy and compat-
ibility with emerging technologies have

13

positioned them at the forefront of research
and innovation in the fields ranging from
electronics and energy to quantum comput-
ing and biomedicine [1]-[6]. Among these
TMD materials, titanium diselenide (TiSe,)
[7], [8] and vanadium diselenide (VSe,) [9],
[10] have attracted significant attention.
Many recent studies [11], [13]-[19] have



shown that TiSe, and VSe, materials have tent thickness, no repeatability, poor control
a charge density wave property. They are over size and shape [3], [5], [21]. The other
remarkable materials with a wide range of  alternative to create large-area films of these
potential applications in areas such as ther- materials is through molecular beam epi-
moelectricity, energy storage, and nanoelec-  taxy (MBE) in an ultrahigh vacuum (UHV)
tronics [4], [20]-[26]. VSe, and TiSe, mate- environment[12], [18], [23], [36]. Although
rials are highly promising for catalysts and  this method provides the best quality of the
HER applications, as it has been reported  material, it is not a feasible approach for
before in multiple studies [27]-[32]. Over- any application-oriented growth of these
all, for these two TMDs, their charge den- materials because it is an extremely slow
sity wave transition, outstanding thermo- and costly technique. It is advantageous to
electric properties, and catalytic potential develop a more straightforward method for
make them versatile materials, which hold growth of such materials. In recent years,

promises for various cutting-edge technolo- ambient-pressure chemical vapour deposi-
gies [33], [34], [2], [15], [26], [35]. tion (CVD) has been successfully employed
One of the main challenges in terms of  to produce thin layers of semiconducting
application when it comes to TMD materi- transition metal dichalcogenides (TMDs),
als such as TiSe, or VSe, is their production like MoS, and WSe, [37], [38]. However,
on a larger scale than a few microns in con- the experimental synthesis of TiSe, through
trollable geometry. In general, when stud-  conventional CVD methods has proven to
ies related to these materials are performed,  be challenging [17], where for VSe, the syn-
these materials are obtained using mechani- thesis process has been shown with success
cal or chemical exfoliation of bulk crys- in the synthesis of the material but with ran-
tals [3], [5], [9]. When such an approach is dom growth of a few micron scale crystals
used, it results in small flakes with inconsis- with no continuity over a large area[39].
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Fig. 1. Graphical illustration of the methodology used here to synthesize TiSe, and VSe,
thin films starting from (a) substrate cleaning in acetone and DIW using ultrasound for 5 min each,
followed by (b) deposition of Ti/ V metal film using magnetron sputtering; (c) sample was placed
in a quartz ampoule with Se powder and respective metal chips in the shown configuration;
(d) ampoules were heated up using a horizontal furnace; (e) after heating the ampoule,
no excess selenium vapour was found near edges of any ampoules;
(f) heating cycle of an ampoule, shown with ramp rate of heating and cooling.
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In this study, we present an alternative
approach to growth of such materials but
on a larger scale that has never been dem-
onstrated before. The present study dem-
onstrates a 2-step process for the synthesis
of TiSe, and VSe,. To start, deposition of
metal precursor films is done using magne-
tron sputtering followed by annealing them
in Se vapour atmosphere in a sealed quartz
ampoule. Using magnetron sputtering for

2. EXPERIMENTAL DETAILS

the deposition of precursor films allows
us to deposit them on large surface areas,
and we have used it to cover our centime-
tre scale substrates used here in this study.
The same approach could also be used for
non-flat surfaces (e.g., nanostructures) to
increase their surface areca and enhance
their properties for their potential applica-
tions in catalysis, sensors etc.

To synthesize TiSe, and VSe, thin films,
the methodology used was analogous. We
approached the goal of synthesizing these
materials in two steps: first, we deposited
the precursor metal films using magnetron
sputtering and then converted these films
to their respective diselenide using sealed
quartz ampoules with below atmospheric
pressure (Fig. 1). Sacrificial precursor
films of ~15nm Ti / V metal were depos-
ited on 10x10 mm cut and cleaned sapphire
(r-plane, Biotain Crystal Co.) by DC mag-
netron sputtering of metallic Ti / V targets
in Ar atmosphere (3-107 torr, 30 sccm Ar, at
100 W DC power), which was followed by
the process of making ampoules for these
samples. For our experiments, the ampules
were made from quartz tubes of 13 mm OD
with wall thickness of 1 mm and length of
120 £+ 10 mm, which were loaded with Ti/V
metal covered sapphire substrates, Se pow-
der (~50mg) and grinded Ti / V metal chips
(~100mg) to absorb any residue of sele-
nium near the edges of an ampoule with
inside vacuum pressure being <107 torr.
Using a horizontal open-end tube reactor,
these ampoules were heated up to 650 °C,
700 °C and 750 °C in an hour followed by
rapid cooling of these ampoules to ambient
temperature (Fig. 11).

The synthesized films were studied using
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an optical microscope as well as under a scan-
ning electron microscope (SEM-FIB Lyra,
Tescan, 12kV) for their surface morphology.
Using the same tool, elemental mapping was
done by energy dispersive X-ray spectroscopy
(EDX) at 10 keV, frame dwell time 1048 s
(X-Max detector, SATW window) to study
the distribution of elements across the films.
The phase compositions of these samples
were studied using X-ray diffraction (XRD,
powder diffractometer Rigaku Miniflex
600) with monochromatic Cu Ka irradiation
(A= 1.5406 A), and the spectra were analysed
using PDXL2 software. The chemical compo-
sition of synthesized material was confirmed
with X-ray photoelectron spectroscopy (XPS)
measurements performed using an X-ray
photoelectron spectrometer ESCALAB Xi
(ThermoFisher). Al Ko X-ray tube with the
energy of 1486 eV was used as an excitation
source, the size of the analysed sample area
was 650 um x 100 um and the angle between
the analyser and the sample surface was 90°.
Sample area of interest (2x2 mm) was sputter-
cleaned for 30 seconds prior to the measure-
ments with argon ion gun (monoatomic Ar*
ions with 1000 eV energy). An electron gun
was used to perform charge compensation.
The base pressure during spectra acquisition
was better than 107 Pa.



3. RESULTS AND DISCUSSION

-
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Fig. 2. Optical images of TiSe, (a, b) and VSe, (c, d) thin films converted at 700 °C with different
magnifications, used to confirm the presence of surface crystals indicating a successful conversion of metal
precursor films to their respective diselenide material.

From our experiments, 15 nm thick-
ness of metal precursor showed continu-
ous films of diselenide material after the
selenization process, so the thickness was
kept constant for all the samples involved in
this study. During our experiments, initially
when ampoules were made without their
respective metal chips (Ti/ V), some of the
excess selenium vapour was noticed to have
condensed near the edges of the samples
where substrate touched ampoule walls,
or in some cases, droplets of condensed
Se were noticed on top of the synthesized
material. To avoid any issues related to
excess Se, extra metal chips were intro-
duced after a few trials, which solved our
issues and gave the best results. It is worth
mentioning here that Ti / V film seleniza-
tion attempt using elemental Se in quartz
tube in gas flow at atmospheric pressure did
not initiate the desired chemical reaction
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between Ti / V and Se in the same range
of temperatures. After the process of sele-
nization in ampoules, optical images were
taken to observe the general surface area of
the films (Fig. 2), which were also compli-
mented by SEM images with a closer look
at them. Figure 3 shows the SEM and XRD
data obtained from TiSe2 films, and there is
a visible difference in surface morphology
between the samples synthesized at differ-
ent temperatures. Comparing images (Fig.
3a, b, ¢), the sample converted at 650 °C
shows coarse looking surface with quite
many random comparatively big crystals
of TiSe2 dispersed across the film. As we
move to higher temperatures, 700 °C and
750 °C, we can see the films getting com-
paratively smoother. It becomes clearer
when we observe images (Fig. 3d, e, f) with
closer look of these films, the difference
is strong in terms of average crystal sizes



and the films underneath. TiSe2 converted
at 650 °C seems to have big crystals grow-
ing >2um in size measured from edge to
edge, and as we go for higher temperature
of 700 °C, this size becomes <2um and it
decreases even further down to <Ium for
750 °C film. Furthermore, when we look at
the overall film under these surface crystals,
it seems that the film converted at 650 °C
has uneven thickness of the material mak-
ing islands and growing big crystals on top,
but as we increase the temperature towards
750 °C, these big crystals seem to have sub-
limated, and the film underneath has grown
to have better consistency in thickness. To
assess if any of these visible differences
mentioned earlier from SEM images give
any variations when measured with XRD,
the retrieved patterns have been also put
together for comparison in Fig. 3g. The
obtained data were checked with ICDD
#01-083-0980 PDF card to confirm the
material composition which supported our
findings, and then samples prepared at dif-
ferent variations were compared. No dras-
tic variations in the peak positions or width
of those peaks were found. Only minor
changes in peak intensity were observed,
which gave weak correlation to material

Intensity (arbitrary unit)

sublimation at higher temperature leaving
thinner films producing reduced intensity
of the TiSe2 peaks. Similarly, SEM and
XRD data were also obtained for our syn-
thesized films of VSe2 as shown in Fig. 4.
When comparing the film morphology for
VSe2 films through SEM images, films
look rather similar from a larger scale (Fig.
4 a, b, ¢) across all temperatures, but when
observed on a smaller scale (Fig. 4 d, e, 1),
film synthesized at 650 °C stands out with
many out-of-plane crystals with protruding
nanocrystals to give the film a rough profile.
At 700 °C and 750 °C, the films still have
~5 um size surface crystals but the film itself
no longer has these nanocrystals, giving the
film a smoother profile comparatively. To
confirm the material phase, measured XRD
data were compared with ICDD #04-007-
5442 PDF card, which supported successful
synthesis of VSe2 thin films, while showing
significant difference in XRD peak intensity
for VSe2 thin films synthesized at 650 °C
and 700 °C, where small peak intensity was
measured for 650 °C indicating smaller
crystallite size (Fig. 4g). No significant
difference was found between 700 °C and
750 °C.
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Fig. 3. SEM images of TiSe, thin films (a, d) converted at 650 °C (b, ¢),
at 700 °C and (c, ) at 750 °C; (g) XRD spectra of TiSe, thin films synthesized
using different temperatures.



To understand the distribution of ele-  making the material concentration higher
ments across the films, EDX measurements in that place compared to rest of the film
were performed (Fig. 5) for films synthe- area where there were no crystals on top.
sized at 650 °C of both materials. As for ~ Similar trend can be observed for the VSe,
TiSe, film, it seems to have higher intensity ~ film as well, which has many surface crys-
for both elements (Ti, Se) in the places of  tals with comparatively smaller size. The
surface crystals, indicating concentrated  atomic ratio of the elements was found to
material, which is to be expected from such ~ be roughly 1:2 for Ti / V and Se respect-
top view analysis method as we observed  fully, which indicates proper stoichiometry
these crystals to grow on top of the films among the crystalline planes.

750°C

VSe, (111)

Intensity (arbitrary unit)

[ff
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Fig. 4. SEM images of VSe, thin films (a, d) converted at 650 °C, (b, ), at 700 °C and (c, f) at 750 °C;
(g2) XRD spectra of synthesized VSe, thin films using different temperatures.

Fig. 5. EDX elemental mapping of (a—c) TiSe, and (d—f) VSe, films synthesized at 650 °C
shows presence and distribution of their respective elements across the film.
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Fig. 6. High-resolution XPS spectra of the TiSe, synthesized at 650 °C film constituent elements for (a) Ti, and
(b) Se and for VSe, film constituent elements (c) V and (d) Se.

Furthermore, XPS analysis was per-
formed to verify the chemical states of the
constituent elements in the films (Fig. 6a,
b). High-resolution spectra were acquired
and calibrated relative to the adventitious
C Is peak at 284.8 eV. Regarding the TiSe,
films, Ti 2p,,, peak was located at approxi-
mately 455.7 eV**(spin-orbit splitting
A, , =357 ¢eV), matching the chemical
state in TiSe, compound. Each of the spin-
orbit components has an additional shoul-
der towards the higher binding energy,

4. CONCLUSIONS

which could be attributed to a possible for-
mation of surface oxide due to the post-syn-
thesis exposure to air*'**. The Se 3d,, peak
was located at 54.2 eV (spin-orbit splitting
A, ,, = 0.86 €V), which corresponded to
the TiSe, compound ** . Similarly, high-
resolution V 2p and Se 3d peaks for VSe,
were acquired (Fig. 6c, d). V 2p, , peak was
located at 513.1 eV (spin-orbit splitting
A, ,=7.5¢eV), while the Se 3d,,, peak was
measured to be at 54.5 eV, corresponding to
chemical states in VSe,*.

Large-area synthesis of TiSe, and VSe,
using a 2-step process was investigated,
and to prove the quality of synthesized
materials, films were analysed using SEM,
EDX, XRD and XPS techniques. Investiga-
tion of surface morphology through SEM
revealed presence of hexagonal crystals on
top for both materials, which varied in size
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and numbers depending on their synthesis
temperatures, but more importantly SEM
revealed that both material films remained
continuous after their selenization process
regardless of the temperature used. XRD
patterns, also supported by XPS analysis,
confirmed the composition of our synthe-
sized materials and suggested that both the



surface crystals (visible in SEM images)
and the films underneath contained our
desired materials TiSe, and VSe,.
According to XRD data, crystalline
TiSe, can be successfully synthesized in
the temperature range of 650 °C-750 °C,
while VSe, — in the temperature range of
700 °C-750 °C. Using elemental mapping
by EDX showed surface crystals contrib-
uting to higher material concentration in
their local spots, while rest of the film area
seemed to have identical levels of intensity
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confirming the continuity of the films fur-
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