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Abstract: Owing to their exceptional properties, which are usually determined by the growth
conditions, 2D transition metal dichalcogenides (TMDCs) offer numerous research directions for
applications in the fields of spintronics, valleytronics, and optoelectronics. Here, we focus on the
chemical vapor deposition (CVD) synthesis of WSe; (tungsten diselenide) nanoclusters/nanoflakes
by using a liquid precursor for tungsten (ammonium metatungstate) on Si/SiO,, fused silica, and
sapphire substrates. Various WSe, clusters with different sizes, thicknesses, and geometries were
analyzed by means of optical and atomic force microscopy (AFM) and Raman spectroscopy. The
observed structures were mostly WSe, multilayers; however, monolayer formations were also found.
They showed significant morphological differences, as well as wide nucleation density and size
variations, possibly related to precursor/substrate surface interactions under the same CVD synthesis
conditions. The largest WSe, domains with a lateral size of up to hundreds of micrometers were
observed on sapphire, probably caused by a higher growth rate of singular nucleation sites. WSe;
domains with irregular and triangular shapes were simultaneously identified on fused silica, whereas
multilayered pyramidal WSe, structures dominated in the case of S5i/SiO; substrates. The application
of polarized Raman spectroscopy to precisely determine and differentiate the characteristic vibrational
modes (A1g, Epg, and 2LA(M)) enabled the unambiguous identification of 2D and/or multilayered
WSe; formations with a high crystallinity level. The presented comparative analysis of samples
prepared in relatively simple synthesis conditions (moderate working temperatures and ambient
pressure) provides a base for further progress of the facile metatungstate CVD method and relevant
opportunities for the exploration of 2D TMDC materials.

Keywords: tungsten diselenide; chemical vapor deposition; Raman spectroscopy; atomic force
microscopy

1. Introduction

The unique 2D physical nature of transition metal dichalcogenide (TMDC) materials
offers numerous research directions in the fields of spintronics, valleytronics, and optoelec-
tronics due to the materials” exceptional properties, which are predominantly determined
by the growth conditions.

The TMDC materials’ individual electronic band structure creates a unique spectrum
of topological, magnetic, and electric phenomena. Tungsten diselenide [1-4] is a widely
studied material that belongs to the constantly progressing group of layered 2D materials [5].
As is typical for 2D TMDCs, the manifestation of various physical properties in WSe;
depends on the layer number due to the weak van der Waals interlayer and strong intralayer
ionic/covalent bonding.
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The distinctive physical characteristics of WSe, include p-type semiconductor behav-
iors with strong spin-orbital coupling [6], a low thermal conductivity [7], a direct/indirect
band gap [8] evolving with the number of layers [9], and corresponding intense exci-
tonic [10] and light-matter interaction effects [11]. The combination of these properties
offers perspectives for a variety of WSe,-based spintronic [12], valleytronic [13], and op-
toelectronic devices. In addition, the broad set of TMDC properties is highly dependent
on the structural configurations and the thickness/number of layers, which are deter-
mined by the synthesis approach. Currently, the fundamental and practical WSe; inves-
tigations [2—4] are dependent on the development of techniques such as chemical vapor
deposition (CVD) [14-16] and preparation strategies such as mechanical exfoliation and
transfer [17-21].

The CVD synthesis of W-based TMDC [20] is challenging due to the high melting
(evaporation/sublimation) points, requirements for low vapor pressures, minimal elec-
tronegativity ratio with chalcogenide elements, and limited chemical reactivity (especially
for Te). In order to achieve suitable growth conditions, an efficient CVD process requires the
use of high-volatility precursors, an enriched H; carrier/reactive gas atmosphere (and/or
low pressure), and heterogenic approaches using additional reagents as reaction catalysts,
growth and eutectics promoters [22-25]. However, until technological feasibility and scala-
bility requirements are met, there are many remaining obstacles to precise control over all
the variables of nucleation, growth, and coalescence processes toward the realization of
continuous 2D films.

Generally, powdered WOj is the most widely used precursor, along with various
W-based carbonates, hexachlorides, and oxychlorides [26,27] (for metal-organic CVD). To
accomplish synthesis in a 2D form, the conventional CVD method uses the vapor-solid—
solid (VSS) mechanism based on WO; adsorption on the substrate and corresponding
chemical reactions facilitated through surface chalcogenide diffusion [28-32].

Other prospective precursor groups include sodium tungstate Na, WOy [33] and complex
ammonia compounds such as metatungstate hydrate (AMT) (NHg)s[HaW12040]-nHO [34-40].
These precursors have been used for a vapor-liquid—solid (VLS) CVD process [25], as well as
low-temperature hydro(solvo)thermal and template-assisted synthesis [21] for the preparation
of Mo- [41,42] and V-based TMDC systems [37-39].

As an alternative, metatungstate precursors are widely accessible from chemistry
suppliers and are less toxic compared with the conventional W-based chloride and oxycar-
bonate reagents. Furthermore, we must note their suitable aqueous solubility (in contrast
to WO3), which provides unique options for solution-based direct deposition over various
substrates and the practical advantage of a single-step conformal TMDC coating over 3D
structures such as optical fibers [43], which is not accessible in VSS CVD. This can effectively
simplify the CVD process requirements regarding the thermal and hydrogen-enriched reac-
tion atmosphere conditions.

Moreover, this approach allows for particular control of the location and size of the
growing TMDC seed islands [41] for the formation of 1D structures (nanowires) [18], 2D
clusters (flakes and ribbons) [44], and 3D forms (pyramids) [45]. Another advantageous
aspect is the possibility of chemical modifications via precursor mixing [36—40,46] and more
precise doping for tailoring of the electronic, optical, and magnetic properties. The unique
prospects of the liquid phase precursor method [47] have also been developed toward the
preparation of lateral TMDC hetero-interfaces as well as the implementation of industrial
inkjet printing [48] and robust patterned deposition control [49] of 2D MoSe;, M0S,, WSe,,
and SnSe; layers [50].

One of the main synthesis challenges in liquid precursor-mediated CVD is related to
the chemical complexity of the starting reagents. Principally, this could lead to a higher
level of structural disorder in the final TMDC structures and limited practical performance
of base electronic devices, such as the field-effect transistor (FET). Nevertheless, there
are reports of prototype TMDC FET devices produced via the VLS approach that show
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characteristics (electron mobility, on—off ratio, and threshold voltage range) [51] comparable
with those of devices fabricated using the conventional VSS precursors.

The metatungstate precursor can be utilized together with the large family of alkali
metal growth promoters [52-54], which include organic sodium cholate (SC) hydrate
(Co4H39NaOs5-nH,0), sodium hydroxide, and conventional salts [22,55,56]. These reagents
have a positive effect on the CVD process by increasing the surface substrate/precursor
adhesive adatom energy, thereby improving the eutectic and catalytic conditions for the
chemical reactions by forming the necessary intermediate complexes [25,57].

To the best of our knowledge, the synthesis of WSe, (or WS,, WTey) using the
metatungstate/sodium cholate method is mainly applied on Si/SiO, substrates (and,
very recently, on soda lime glass [48]) and is rather unexplored in the case of sapphire (us-
ing NapWOy [58]) and fused silica substrates. The high synthesis temperatures required for
the vapor-solid CVD growth of WSe, on quartz and sapphire [28-32] result in significant
strain effects and an unusual step-edge-guided layer-over-layer growth process (in the
latter case).

In the present study, we are focusing on the CVD synthesis of WSe; using AMT as
the main precursor, together with SC as a heterogeneous nucleation and growth promoter.
Because TMDC'’s growth process is determined by the dynamic eutectic interactions of
the precursor/substrate interface, the experiments were performed using Si/SiO,, fused
silica, and c-cut sapphire. In addition, an auxiliary study measuring the wettability (contact
angle) and hydrophilic properties of the tungstate/cholate aqueous solution is presented.
Following a CVD process with several facile steps (the specific details of which are presented
herein), peculiar WSe; cluster formations of different geometry, size, and thickness were
obtained and analyzed by means of optical microscopy, AFM, and Raman spectroscopy.
The observed sophisticated growth morphology related to the synthesis conditions and
substrate/interface effects provides a base for further improvements and opens up novel
directions in TMDC synthesis.

2. Materials and Methods
2.1. Precursor Deposition and CVD Synthesis Procedure

The base chemical reaction of WSe, formation relies on the relatively low (600 °C)
decomposition temperature (1) [59] of metatungstate (NHy),[HoW1,040]-nH,O (n = 1-22,
CAS No. 12333-11-8) to stable m-WOj3 (monoclinic), which then reacts with the Se vapor
phase through the Ar/H, carrier gas (2) and intermediate gaseous precursor HSe. The H;
gas also acts as a reducing reaction agent for WSe; formation via the VLS method [33].

(NHy), [HyW1,040] nH,0 %€ H,0 + NH; + WO;5 )
WO; +3Se + Hy "'&C WSe, + HyO + SeO, ?)

Sodium cholate is an anionic, amphipathic complex consisting of both hydrophilic
and hydrophobic radicals; thus, it is utilized as a stabilizing surfactant (such as in liquid
phase exfoliation [60]) with the important role of enhancing the precursor’s adsorption on
the substrate [61] and facilitating TMDC growth. Reaction (2) is also possibly mediated
by SC, leading to the formation of intermediate Na-based byproduct compounds [62].
The exact nature of the entire set of chemical, crystallization, and growth processes of
the liquid precursor-intermediated CVD approach is not yet fully understood [44,63]. We
presume that it is similar to the model proposed recently for Na, WOy [33] (Mo [64,65],
Nb [66]) complexes within the framework of the vapor-liquid-solid mechanism for TMDC,
where the eutectic precursor phase/substrate interface [66] and thermodynamic nucleation
evolution [67,68] play key roles.

To prepare the aqueous solution precursor, we used 0.025 g of metatungstate (Alfa
Aesar, CAS No. 12333-11-8) and 0.1 g of sodium cholate (Alfa Aesar CAS No. 206986-
87-0) in 5 mL of deionized water, giving a mass ratio of 0.4:1:50, which is close to the
principal (3.1 mM) solubility limit of the metatungstate [39]. We observed that after
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one week, the solution formed coagulated particles (probable SC micelle aggregation),
which is detrimental for the next stages of the synthesis process; therefore, the aqueous
precursor mixture was prepared shortly before the synthesis. In addition, the wettability
and corresponding contact angles of the precursor solution were preliminary determined
using a drop shape analyzer (via the sessile drop technique). The measured contact angle
values are presented in Figure 1a and were as follows: 15° for Si/SiO,, 39° for fused silica,
and 32° for sapphire. These values indicate suitable wettability due to the salinity of the
solution. This indirectly suggests a moderate surface energy as a key parameter determining
the level of precursor molecule adhesion over the substrates. The spin coating uniformity
is also limited by the low solubility of the tungstate/cholate mixture. Correspondingly,
we performed several experiments to determine the optimal parameters for homogenous
deposition over the substrate, achieved by means of dynamic spin coating (for 60 sec) in the
range of 6000-8000 rpm. The precursor solution was applied in microliter droplet amounts
(after the initial spinning acceleration), considering the type of the selected substrate
(5i/S5i0,, sapphire, and fused silica), to a final amount of approximately 10 <+ 25 pL/ cm?
(shown in Figure 1b for Si/SiO,).

a

fused silica

Figure 1. (a) Contact angles of the metatungstate/cholate aqueous solution over the substrates;
(b) spin-coated precursor over Si/SiO,; (¢) schematic and parameters of the CVD process.

The main parameters and a schematic of the CVD synthesis process in a three-zone
quartz tube reactor are presented in Figure 1c. The substrates covered with tungstate/cholate
were placed in the central furnace zone (~710 °C), and the direct chemical selenization
reaction was maintained by using ultra-high-purity Se (5 N/1 =+ 1.5 g) shots in a quartz
boat in the upstream thermal zone (~280 °C). The heating rates for the Se zone (18 °C/min)
and WSe; growth zone (44 °C/min) were synchronized to reach the target temperatures
simultaneously. This was followed by a 2 h dwell stage at 710 °C for the selenization and
growth (nucleation) process. The third (empty) zone was set to 730 °C to improve the
thermal plateau in the reaction zone. The CVD process was mediated under a 150 sccm flow
of an Ar (90%)/Hj; (10%) reactive carrier gas mixture. The pre-synthesis reactor atmosphere
purge procedure was performed with the same gas mixture for 45 min.

2.2. Experimental Techniques

The growth features, shape formations, and layer thickness of deposited WSe; were an-
alyzed by means of optical and atomic force microscopy and polarized Raman spectroscopy.

The following standard substrates were used: Si/SiO, (with a 300 nm oxide layer),
fused silica (JGS2, with both sides polished and an rms roughness of <1 nm), and c-cut
sapphire (synthetic standard with an rms roughness of ~0.3 nm) supplied by Ossila. Before
the spin coating deposition of the precursor solution, the substrates were cleaned by stan-
dard wet chemistry protocols. No additional pre-treatments to modify the substrate surface
were applied. The substrates” wettability regarding the aqueous (DI) tungstate/cholate
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solution was determined by measuring the contact angle using a Kriiss DSA25S drop
shape analyzer.

Optical microscopy images of WSe; clusters were observed using an Olympus BX53
microscope with reflected and scattered light in the dark field (DF) mode.

The Raman spectrum characterization was performed using a HORIBA Jobin Yvon
Labram HR visible spectrometer in a backscattering geometry with a He-Ne laser (excitation
wavelength at 633 nm). A high-resolution 1800 lines mm~! grating was used, which was
needed particularly to distinguish the close-lying WSe, Raman peaks. Si standard and neon
lines were used to calibrate the frequency, and the Raman line parameters were determined
by means of fitting to Voigt profiles. The scattered radiation was captured using a CCD
detector. The laser power was kept below 0.5 mW to avoid heating damage to the layers
and corresponding measurement artifacts.

The nanoscale surface topography and thickness profile were analyzed using an
Asylum Research MFP-3D atomic force microscope in the standard AC tapping mode
(AC160TS-R3 tips).

3. Characterization and Analysis
3.1. Metatungstate Method for WSe, Deposition on Si/SiO,

TMDC cluster synthesis is related to the crystal lattice symmetry of the given com-
pound (hexagonal 2H for WSe; or, for instance, orthorhombic 1T for WTe;) and can occur
in typical triangle, hexagon [69], or nanobelt flake patterns [70]. The lateral size and shape
of the clusters depend on the chemical potentials of the reacting elements and a favorable
edge growth energy [71], which is determined by the CVD synthesis parameters, precursor
types, and substrate effect.

In the case of WSe; cluster formation on Si/SO; substrate via the metatungstate
approach, the optical microcopy observations show the expected equilateral triangular
structures (Figure 2a,b), with sizes ranging between 3 and 10 pum.

60 80 120 140 0 um 20 40 60 80 100 120 140

100

Figure 2. Optical images of WSe; on Si/SiO; under reflected illumination: 100x magnification of
equilateral flakes (a,b) with an enlarged view in DF mode ((a), inset) and local substrate corrosive
effects ((b), inset) around the WSe; pyramids.

However, the coverage and distribution density over the substrate area are relatively
low, and clusters mostly formed in scattered groups within the zones with higher precursor
accumulation during the spin coating deposition process. The kinks formations at the
vertices and edges of some of the triangular domains (Figure 2b) are typical morphological
features of VLS growth. These are usually developed as a crystallization irregularity due
to a non-uniform molten precursor concentration at the liquid—solid interface [66,72]. In
addition, the VLS process of binding the precursor’s nucleus onto the silicon oxide layer
can cause local corrosive effects [54] (in the formed cluster’s vicinity), as shown in the inset
image of Figure 2b.
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The observed faceted morphology of the majority of the clusters (in the enlarged DF im-
age), together with the AFM height profiles and the Raman data (presented in Figure 3a,b),
reveals a predominantly vertical growth of thick multilayered WSe; in a pyramidal form.
The WSe; pyramid apex thickness can reach up to hundreds of nanometers depending on
the particular cluster size. Both the edge/side wall cross-sections are presented as profile
graphs in Figure 3b.

140 I- wse, on Si/sio, Pyramid
nm 120 edge
1oog 100 face wall

E I
50 = g0 |
ey 5
0 3 60
== 3
50 40
-100 20 |

0 [ b 1 Jd | V.0

0 1 2 3 4 5 6 7 8

Distance (um)

Figure 3. AFM analysis of WSe; on Si/SiO;, with a thickness map (a) and profiles of the pyramidal
clusters (b).

As noted in the Introduction, the various TMDC growth structures often demonstrate
unique physical properties [73-75]. For instance, pyramidal MoS, structures [76] show
sophisticated helical electrical current flow [77] and, additionally, high energy harvest-
ing capabilities through an electrocatalytic hydrogen evolution reaction [78]. Among the
TMDC clusters with similar 3D geometry, altered optical, magnetic, catalytic, and electrical
properties were also found for MoS; (strong excitonic absorption and cathodolumines-
cence [79]), WS, (complex Raman spectrum [80], non-linear optical response, and catalytic
activity [81,82]), WSe; [83,84] (plasmonic effects), and in anti-pyramidal MoS; /WS, vertical
heterostructures [58] prepared via a VLS growth process.

A record non-linear optical (second and third harmonic) response and strong light—
matter interactions were observed for nanopyramidal MoTe, [45] (obtained via liquid
precursor-mediated CVD) with an edge-rich structure. In addition, higher optical har-
monics generation was investigated for WS, with enhanced intensity as the thickness
increased [82], reaching several orders of magnitude for a thickness (~100 nm) comparable
with that in our case.

The Raman signal sensitivity regarding peak positions, shifts, and intensity relations
provides quite reliable indications of the TMDC thickness (and, consequently, the layer
number) [85-88]. Typically, for WSe;, the main Raman modes are the Aj; mode, caused
by out-of-phase vibrations of the Se sublattice perpendicular to the layer planes, and the
weaker Epg peak, attributed to in-plane oscillations of both tungsten and selenium atoms;
however, their spectral positions are very close to each other, at around 250 cm 1.

These first-order phonons appear within a broad band consisting of second-order
features, dominated by the exceptionally intense 2LA (M) mode, appearing typically at
633 nm excitation due to excitonic resonance. For single-layer WSe;, the Eys mode is
expected to be virtually degenerate with Ajg—both lying between 249.5 and 250 em ™! [88].
With an increasing layer number, Ay, slightly hardens while Epg softens, and the frequency
distance between these modes saturates at about 3 cm ™! for thicknesses approaching those
of bulk samples [88]. As can be expected from the different vibrational patterns of both
modes, the Raman intensity ratio I(Alg) /1(Eag) sharply increases with the layer number.
The 2LA (M) band undergoes a downshift from ~261 cm ™! to ~257 cm ™! with increasing
WSe, thickness from monolayers to trilayers [85-88]. Taken together, these dependencies
can enable a semiquantitative estimate of the WSe, thickness. The possible presence of a
faint peak close to 308 cm ™! could be considered as an additional indication. This peak,
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which is assigned to the forbidden B%g mode (modulating the vertical W-Se bond) by
some authors, is reportedly activated in the Raman spectrum of multilayered WSe, by van
der Waals interactions between adjacent layers [88]. In order to accurately identify the
corresponding spectral tendencies for the WSe; layers, polarized backscattering Raman
spectroscopy was implemented using the opposite polarization properties of the Az and
Ej; modes, with A, being allowed only in parallel (Z(YY)Z) and Ejg only in crossed
(Z(XY)Z) polarization geometry. Figure 4a,b shows the two polarized Raman spectra for a
selected WSe, pyramid cluster.

4500

WSe, on Si/SiO,

3750 |-Pyramid B

Z(XX)Z E

1200

1050 4 2LA(M) ~ 257 cm’™

1
I
|
I
3000 |- ! !
! I
I
2250 r
I T T T
—~ o I 300 310 320 330
8_ 1500 : 1 : Raman shift (cm™)
) b
a T T T T : I: : T T T T
‘@ 1 s : 1 H 40 60 80 100 120 140
E 1500 | WSe, on Si/SiO, A ~ 251 cm™! : ! :
< | Pyramid \I\: !
Vi 1
— Z(XY)Z o :
|
1
I
I
I
I

200 210 220 230 240 250 260 270 280 290 300
Raman shift (cm™)

Figure 4. Raman characterization of WSe; on Si/SiO;: (a) parallel- and (b) cross-polarized Raman
spectra of a pyramidal WSe, domain, with main peaks identification and an enlarged view (inset (a))
of B%g. Inset (b): optical image of the studied pyramidal cluster.

We observed the Eog peak at ~248 cm~ 1, the Alg peak at ~251 cm~1, and a redshifted
2LA(M) band close to ~257 cm ! (see Figure 4a,b), as expected for a multilayered struc-
ture [85-88] and in accordance with the AFM results (Figure 3). Furthermore, there was a
well-formed peak at 308 cm~!. The Ajg intensity exceeds that of the Epg line by an order of
magnitude, and its forbidden appearance in the cross-polarized spectra with an intensity
comparable with that of the allowed Ejg peak facilitates the precise determination of the
frequency distance for these modes.

3.2. Metatungstate Method for WSe, Deposition on Fused Silica

The WSe, produced via metatungstate deposition on fused silica formed different
complex structures. An optical microscopy gallery of the different formations is presented in
Figure 5a—c. The majority of the clusters had circular/oval shapes with lateral size ranging
within 10-15 pm and a relatively dense and homogeneous distribution (Figure 5a). There
were also areas where highly crystalline equilateral domains with a smaller size (~5-10 um)
formed (Figure 5b). In addition, we observed more sophisticated patterns, usually labeled
as TMDC fractal and “kirigami” shapes [75,89], such as hollow pyramids, spiral and dent
rings, and propellers (Figure 5c enlarged) with both AA(A-) and AB(A-) symmetric layer
stacking arrangements [90]. This complexity shows that cluster nucleation is probably
affected by a broad set of factors, such as the local structural disorder of the substrate and
irregular precursor accumulation [19] with variations in the W /Se stoichiometric ratio. We
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can also consider possible re-evaporation [91] and chemically driven etching effects during
the CVD process [92].

80 100 120

1400um 20 140

Figure 5. Optical images of WSe; on fused silica under reflected illumination and 100 x magnification
of the dominant cluster forms (a), symmetrical triangular and ring structures (b), and an enlarged
view of kirigami-type “ring” and “propeller” WSe, structures (c).

For selected triangular WSe; clusters on fused silica, AFM images and topographic
profiles are shown in Figure 6a—f. In order to express the morphological formations and
growth relief in sharper contrast, 2D maps of the AFM height and tapping mode phase
variations are also presented.

25

WSe, on fused silica

g | Eauiateral ring rizngle

Height (nm)
E

] Sy i W —
e W

Ve 1 1 f L L
0 1 2 3 4 5
Distance (um)

— WSe, on fused silica

_3 |Ring interior structure

~4nmsep

Height (nm)

18 . . . . L . L
000 025 080 075 100 125 150 175
Distance (um)

Figure 6. AFM (a—f) height and phase retrace maps for WSe; on fused silica, thickness profiles of
selected triangular flakes, and the complex step-like internal relief of the WSe, “rings”.

The AC-mode phase shifts are related to the viscoelastic mechanical properties and
allow us to differentiate the deposited TMDC layers from the substrate. The thickness
profile identifies ~3-10 nm multilayered equilateral WSe, with observed inner concavities,
probably due to the corrosive reaction [54] between the molten precursor and the silica
oxide substrate during VLS crystallization (similar to that for 5i/5iO;). The complexity of
the WSe, ring dent structure is also revealed by ~3—4 nm step-like formations in the interior
(Figure 6f).
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The cross- and parallel-polarization Raman spectra of WSe, on fused silica are pre-
sented in Figure 7a—d for two selected triangular clusters: a flat one (left panel) and one
with a supposed step-like ring structure (right panel).

3500 4 — — 9000 — —_—
WSe, on fused silica 1 B}, not detected | WSe, on fused silica | ' [¥ B!
3000 4 €quilateral cluster ¥ 7500 1 ring triangle i 29
A,y ~251 cm’’ ¥ ] 1k
25001 \l: MWN 007 Ag~251em’ 1R
1 ¥ 300 310 3204500 Y 310 320
2000 Raman shift (cm™) ] ! o Raman shift (cm™)
’\1500- = |3000 o
2 —Z(XX)Z b L —Z(XX)Z
3) 1500 - P
~—1000 T T T T :I: T | T
= 2250 — =
'g1600 . | e —Z(XY)Z
S 4 .
i 2000 .
§1500 | ]
1400 - 1750 ]
1300 1500 A \
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Figure 7. Cross- and parallel-polarized Raman spectra (a—d) of mono- and multilayer WSe; clusters
on fused silica. Insets: optical images of investigated WSe, domains.

The Exg—Ajg distance for the flat cluster amounts to 1.5 cm !, the 2LA(M) band is
centered near 260 cm !, and no peak was detected near 308 cm . This implies that the flat
cluster consists of monolayer and bilayer regions. The mode positions for the ring cluster
(Ezg at2485cm~1, Alg at251 ecm™!, and 2LA(M) at ~257 cm’l) evidence a significantly
greater thickness, additionally confirmed by the presence of the forbidden B%g peak around
308 cm ! [85,86,88,93].

3.3. Metatungstate Method for WSe, Deposition on Sapphire

The growth of WSe; on sapphire also led to a rich set of cluster geometries and sizes,
presented in Figure 8a—c. In this case, large polygonal formations with “saw-tooth” [91]
edges were observed (Figure 8a). Their lateral size reached dozens of micrometers, and
the domains comprised numerous multilayered bulk islands, possibly induced by singu-
lar nucleation sites. On the microscale, individual triangular flakes were also observed
(Figure 8b), together with larger polygonal formations. Their equilateral geometry usually
marks a highly crystalline structure with a relative lateral size of 10 um. Like in the case
of 5i1/5iO,, on sapphire substrate, pyramidal structures that were 10-40 pm in size with a
typical faceted morphology were observed (Figure 8c). This particular growth is probably
mediated by localized vertical precursor accumulations [49] or substrate defects that act
as seeding centers [94]. The rounded edges of the peripheral layer also usually develop
because of an irregular precursor distribution during WSe, formation. The DF illumination
(enlarged inset image) demonstrates intensive light-scattering effects from the pyramid
walls. As noted, such 3D TMDC nanoarchitectures show extreme optical second and third
harmonic generation with the potential for non-linear photonic applications [82].
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15

Figure 8. Optical images of WSe; on sapphire (under reflected light and x 100 magnification) showing
(a) formations with the largest lateral size, (b) equilateral triangular clusters, and (c) pyramidal clusters
of WSe, with DF illumination (inset).

AFM scan maps of a selected cluster are presented in Figure 9a—c. We determined the
topographic profile of one selected equilateral triangular WSe; (~10 pm) cluster. To express
the flake/substrate differences, the nanometer topological gradient map (a) and an AFM
phase contrast image (b) are also presented.
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Figure 9. AFM height (a) and phase retrace (b) 2D maps for WSe, on sapphire with the thickness
profile (c) of the monolayer cluster.

The topographic profile in Figure 9c marks a cluster thickness of ~0.7 nm, close to that
expected for a WSe, monolayer [16]. The observed height increase (a few nanometers) is
possibly related to multilayer formation at the edges as a consequence of inhomogeneous
extra precursor at the faceted domain borders [95]. Alternatively, this could also be affected
by the particular substrate morphology and localized defects [30,31]. The edge area feature
was identified for all observed clusters (Figure 9a,b).

The polarized Raman spectra for selected mono- and multilayer WSe; clusters on
sapphire are presented in Figure 10a—d. In the former case, the virtually identical spectral
positions of the Epg (~249.7 cm~!) and Aqgg (~249.8 cm 1) vibrational modes in the corre-
sponding crossed and parallel polarization, the upshift of the 2LA(M) band above 260
cm~!, and the absence of a B}, peak unambiguously indicate that the cluster thickness is
within the monolayer limit [85-88,93]. For the thicker cluster, the expected larger separation
between Epg (~249 cm~ 1) and Aqg (~251 cm~ 1) was observed, together with a small redshift
of 2LA(M) (~258 cm ') and a discernible B%g peak close to 308 cm~ 1. Still, these data imply
a relatively thin, few-layered structure in contrast to the thicker multilayered clusters, for
which the Raman data are shown in Figure 4a,b and 7a,b. Note the typical sharp peak
structure of the main modes (as well as for Si/SiO, and fused silica), which is characteristic
of objects with a high quality of crystalline ordering.
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Figure 10. Cross- and parallel-polarized Raman spectra (a—d) of mono- and multilayer WSe; clusters
on sapphire. Insets: optical images of the investigated WSe, domains.

The Raman spectrum and, specifically, the out-of-plane mode A1y, are very susceptible
to possible doping effects, for instance, due to plausible Na inclusions (from sodium
cholate) [96]. However, the spectral data for all samples on Si/SiO;, sapphire, and fused
silica substrates fit the peak positions indicative of pure WSe;.

4. General Remarks

Overall, the presented data regarding the variety of WSe; clusters in terms of their
size, thickness, and shape illustrate the significant differences associated with the studied
substrates. These differences can be explained within the framework of the vapor-liquid-
solid phenomenological model [33,64-68], where the growth mechanism is dependent on
the eutectic vapor-liquid and liquid-solid interfaces. Importantly, the interfacial free energy
of the molten W precursor nucleus specific for the particular substrate (Si/SiO,, fused silica,
or sapphire) determines its contact area and the volume profile of the grown nanocluster.

The eutectic intermediates [49,62] formed by the fusion of WO3 and alkali metal
complexes (the final products of thermal decomposition of the metatungstate and the
cholate promoter) strongly affect the growth kinetics. More precisely, the lowered melt-
ing point of the mixture facilitates thermodynamically favorable edge expansion on the
substrate and aggregation into larger clusters. This is followed by crystallization into
multilayer (vertical) or monolayer (lateral) clusters, also depending on the interfacial free
energy [49]. The final WSe, formation stages with chemical conversion are determined by
Se super-saturation and dissolution into the molten WO3 /alkali metal mixture [49] and
hydrogen-induced reduction.

The simultaneous formation of monolayer and multilayer WSe, (observed in the
case of the sapphire substrate) and, especially, the presence of more composite clusters
fractions can be ascribed to localized perturbations in the above growth process under
a number of concurrent factors. This random morphological variation was observed for
all substrate types. Nucleation into self-assembled multilayer structures could be caused
by precursor accumulation and/or substrate defects acting as seed centers, promoting
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multilayer growth (pyramidal formations). Deviations from the highly crystalline triangular
geometry can be associated with local stoichiometric imbalance (propeller flakes) and/or
etching and substrate corrosion effects (for Si/SiO; and fused silica) creating numerous
ring dent clusters.

Another important factor is the adsorption effect of the precursors, utilized by the
sodium cholate hydrate. The purpose of the surfactant seed promoter is to provide favor-
able heterogeneous nucleation sites. This is correspondingly determined by the interaction
and anchoring of its polar (hydrophilic) and nonpolar (hydrophobic) parts with the precur-
sor solvent and the substrate surface [52,54,61]. However, the intensity of these interactions
depends on the different adhesive energies of the particular substrate materials and also
influences the consequent CVD multilayer/monolayer formation process of WSe;. In
this context, further optimization of the method is required to allow for precise thick-
ness control and uniform planar growth. Nevertheless, it shows opportunities for the
synthesis and engineering of TMDC structures with particular forms and applications.
Based on the unique excitonic [10] and spintronic [12] characteristics of monolayer WSe,,
together with the valleytronic [97] and memristive [98] functionalities of multilayered
structures, the implemented liquid precursor-mediated CVD approach opens up many
practical possibilities.

The presented variety of Raman spectra resulting from the challenging mono- and
multilayered morphology of the WSe, formations reveals the informative capabilities of
polarized Raman spectroscopy for the analysis of TMDC. This is well demonstrated by
tracking the spectral behavior (frequency shifts and intensity change) of the fundamental
A1g and Eyg vibration modes together with the second-order 2LA(M) and the occasional
presence of forbidden B%g peaks, exploiting their high sensitivity to the layer number. In
addition, the spectral parameters of the Ajg and Eyy Raman lines, such as the FWHM (full
width of half-maximum) and their distance and intensity ratio, are summarized in Table 1
for all studied clusters.

Table 1. Raman line characteristics for the studied WSe; clusters: FWHM and peak intensity ratio
calculated by Voigt fitting.

Wsez WS.ez WSe; Multilayer =~ WSe; Monolayer WSe;, Multilayer
Pyramidal on Mono (Bi-) Layer on Fused Silica on Sapphire on Sapphire
Si/Si0, on Fused Silica pp PP
E», FWHM (cm™1) 2 2.2 2 25 23
Ajg FWHM (ecm ™) 15 2 2 25 2.3
Epo—Aj, dist
257 Mg TISIANCE 3 15 25 ~0 2
(em™7)
I(Ag)/1(Esg) 95 25 11 2.3 9

Our data are in very good agreement with the corresponding numerical values and
trends presented in the pioneering work of Zhao et al. [88]. The slightly larger Ajg and
Epg linewidths in our spectra can be explained by the difference in growth methods. Our
WSe, clusters were obtained by means of direct CVD synthesis, similar to that used
for the deposition of continuous layers, while the polarized Raman analysis in Ref. [88]
was performed on exfoliated flakes from WSe; crystals grown by means of chemical
vapor transport.

5. Conclusions

In conclusion, we investigated the growth prospects for multi- and monolayer WSe;
formation (on Si/SiO,, fused silica, and sapphire substrates) using a facile CVD method
based on the utilization of an ammonium metatungstate precursor and sodium cholate as
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a growth promoter. WSe; synthesis was achieved via a simple preparation procedure at
moderate working temperatures (~710 °C) and ambient pressure.

Various WSe; formations with different sizes, layer numbers, and structures were ob-
served and characterized via optical microscopy, AFM, and polarized Raman spectroscopy.
It was shown that under the applied synthesis conditions, the metatungstate/cholate
method resulted in the formation of both monolayer and multilayer WSe, clusters.

A comprehensive polarized Raman analysis to accurately identify the first-(A;g and
Epg) and second-order (2LA(M)) vibrational modes enabled us to obtain a reliable semi-
quantitative estimate of the WSe, thickness for the variety of WSe, structures observed on
the different substrates.

A higher distribution density and coverage of the synthesized flakes were observed
in the case of fused silica and sapphire. For sapphire, the maximal lateral size of the
WSe, flakes reached hundreds of micrometers. Meanwhile, in the case of Si/SiO,, most
of the clusters were scattered pyramidal forms with heights of up to ~100 nm and lateral
sizes of tens of micrometers. The presented results provide a base for further develop-
ment of this simplistic metatungstate synthesis method towards improved growth control
and reproducibility.
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