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Alloying has emerged as an effective approach for elec/optoelectronics applications by modulating the
bandgap engineering of two-dimensional (2D) transition metal dichalcogenides (TMDs). Based on our
earlier liquid phase edge epitaxy (LPEE) method, we have grown millimeter-sized quaternary Mo, W _y
SaySexa_,) monolayer films and MoWu_, S;,Sex1—,) monolayers with different morphologies by
controlling the growth temperature and time. The homogeneity and good crystallinity of as-
grown alloys are demonstrated by energy-dispersive spectroscopy (EDS), elemental mapping, Raman
mapping, and high-resolution transmission electron microscopy (HRTEM). Atomic-resolution scanning
transmission electron microscopy (STEM) strongly demonstrates the uniform distribution of Mo, W, S,
and Se. Furthermore, alloy-based field-effect transistors (FETs) displaying bipolar conduction behavior
with a weak p-branch and conduction behavior show component-dependent properties. In addition,

Received 13th September 2023, this strategy has been broadened to prepare M-doped Mo,W_, Sz,Sexu—,) monolayers (M: Fe, Co, and

Accepted 20th November 2023 Ni) for the first time, where magnetic hysteresis (M—H) measurements indicated room temperature
DOI: 10.1039/d3tc03332e ferromagnetism of Mo,Wq_, Sz,Sexu—,). Therefore, the synthesized pristine and M-doped alloys have

greatly enriched the family of 2D materials and are prospective candidates for applications in future
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Introduction

Two-dimensional (2D) transition metal dichalcogenides
(TMDs) have promising applications in elec/optoelectronics,
catalysis, and energy owing to their unique crystal structures
and novel physical and chemical properties."*® For instance,
the monolayers of MX, (M: Mo, W and X: S, Se) have advantages
including large exciton binding energy,"* direct bandgap,'?
robust valley polarization,"® strong light-matter coupling,**
and high optical absorption coefficient,"> which makes them
a hot spot for device applications."®™® However, binary TMDC
monolayers still have limitations because of their inherent
bandgap, where researchers can significantly broaden their
application fields through bandgap engineering. The band gaps
of 2D TMDs can be adjusted by alloying, strain applications,
doping, and functionalization to improve the performance of
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TMD-based monolayer devices.>*>* Among them, alloying is an

effective method to synthesize TMDCs with tunable bandgaps by
adjusting the composition. So far, the research has mainly
focused on MoSy;_ySesr,”" WSy_xSes,”” > Mo, _,W,S, and
other ternary alloys.”®*>> However, the addition of a fourth
element can provide greater flexibility for changing the electro-
nic properties. Fewer studies have also been conducted on
quaternary TMDC monolayer alloys and the size of the prepared
alloys is small, which is difficult to meet the rapid development
of device technology. It has been emphasized that quaternary
monolayer Mo,W(;_yS;,S€5(1_y) alloys with MX, stoichiometry
proved to be stable due to the similar atomic structure and
properties of selenides and sulfides. Since the individual MX,
compositions have a wide band gap range (e.g., MoSe,-1.55 eV,
WSe,-1.65 €V, Mo0S,-1.85 eV, and WS,-1.95 eV), their optical
properties are highly tunable.*’

To obtain high-quality monolayer TMDC alloys, various
approaches have been developed including physical vapor
deposition (PVD),*® molecular beam epitaxy (MBE),>* mechan-
ical exfoliation (ME),** chemical vapor deposition (CVD),>”~*°
etc. But, phase separation is usually inevitable in the synthesis
of alloys using conventional CVD, as the inhomogeneous dis-
tribution of different vaporization precursors can lead to

This journal is © The Royal Society of Chemistry 2023
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Review
undesired reactions in the furnace.*'*
almost impossible to achieve high-quality TMD alloys incorpor-
ating more than two anionic elements by a conventional CVD
method due to the significantly varying evaporation temperatures,
saturation vapor pressures, and reaction energies of diverse
precursors.** Thus, the controlled synthesis of monolayer films
of quaternary alloys with large size and high crystal quality
remains a great challenge. In addition, dilute magnetic semicon-
ductors (DMSs) with both semiconductivity and magnetism have
been widely investigated by doping magnetic transition elements
such as Fe, Co, and Ni.*>™*° The presence of magnetic anisotropy
in two-dimensional crystals affects the excitation of low-energy
spin waves, which suppresses the thermal uplift and stabilizes the
alignment of spins in a particular direction, ultimately achieving
magnetism. Many other novel physical phenomena have been
observed in dilute magnetic semiconductors, such as anisotropic
magneto-resistance (AMR), giant planar hall effect (GPHE), etc.,
which make them promising for spintronics applications.
Obviously, the pursuit of the controlled synthesis of multiple
transition metal chalcogenides and magnetic transition metal-
doped monolayer TMD functional materials is the basis for the
realization of these materials.

In previous work, we developed a more universal self-limiting
growth method for high-quality 2D monolayers: liquid-phase
edge epitaxy (LPEE).>® In this LPEE method, MoS, and WSe, are

At the same time, it is

View Article Online
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used as the precursors, and CsCl with high surface tension is
selected as the flux. According to the previous achievement of
our group, the growth of monolayers is preferable for the solvent
with higher surface tension.>® The solution contacts the 2D
grains only at the grain edges, which limits the epitaxy along
the in-plane direction, thus achieving monolayer growth of
quaternary monolayer Mo,,W,S,,Se, ;) alloys. STEM examined
the quality of the prepared alloys, indicating high-quality single-
crystal domains. The fabricated alloy-based FETs displaying
bipolar conduction behavior with a weak p-branch and conduc-
tion behavior show component-dependent properties. So far, the
study of magnetically M-doped Mo,W(;_) S,,Se;1—y) monolayer
alloys has not been reported yet. In addition, we have success-
fully broadened this strategy by magnetically M-doping into
quaternary alloys. The prepared M-doped Mo,W(;_y) Sz,S€5(1_y)
has demonstrated ferromagnetic response at room temperature.
The synthesized pristine and M-doped alloys have greatly
enriched the family of 2D materials and are prospective candi-
dates for future industrial applications.

Results and discussion

A typical procedure for the preparation of monolayer Mo,W; _y)
S2ySes(1—y) alloys by the LPEE method is shown in Fig. 1(a). CsCl

300 nm

Fig. 1 LPEE of large-area Mo,W(_, Sz,Sexi—y. (a) lllustration of the monolayer alloy’s growth. (b)—(g) Optical image, AFM image (with the inset of the
height profile), HRTEM image, SAED image, STEM image, and EDS mapping images of the as-grown Mo,W_, S;,Se,u_,) monolayers at 900 °C,

respectively.

This journal is © The Royal Society of Chemistry 2023
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was laid flat on the MX, precursor and then the sapphire
substrate was inverted on a quartz boat and placed in the
center of the heating furnace. Prior to heating, Ar stream was
passed through the system to ensure an oxygen-free environ-
ment for the growth of Mo,W(;_,) S;,Se;1—y) alloys, and the
tube furnace was then programmed to heat up to the specified
temperature (825 °C-900 °C), and maintain the temperature for
0-120 min. Compared with the previously reported conven-
tional vapor deposition growth methods, the LPEE method
exhibits the following advantages in the synthesis of large-
size homogeneous monolayer Mo,W; _y) Sy,Ses ) alloys: (1)
the face-to-face source-substrate structure ensures a sufficient,
uniform, and stable supply of precursors, which is essential for
the development of crystalline domains with large dimensions
on the substrate surface. (2) The LPEE method limits the
growth of Mo,W(;_y) S;,S€,(1—y) alloys in the vertical direction
due to the presence of droplets so that the materials can only
grow in the horizontal direction and eventually form a mono-
layer, which makes the thickness controllable. Meanwhile,
the CVD growth process will appear in the sample when the
thickness varies. The detailed mechanism for the preparation
of monolayer alloys by the LPEE method is discussed in Fig. S1
(ESIt). (3) The process of the LPEE method is safer since no
chemical reactions are involved, the reaction process will
not produce toxic by-products, the product purity is high,
the impurity is low, and the quality of the crystals is high.

Solvent

Solvent

Product

Precursors(solute)

View Article Online
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(4) Doping with other elements (Fe-, Co-, and Ni) by the LPEE
method is easy.

Fig. 1(b) illustrates an optical micrograph of the region near
the edges of Mo,W(;_y) S,S€5(1_y) alloy films (900 °C/120 min).
As can be seen from the image, the film is shaped by many
regular hexagonal Mo,W(;_y) S;,Se;;_;) alloy domains bound
together. On the upper side, individual (regular hexagonal)
crystalline domains can be seen. On the lower side, the film
becomes continuous with a lateral dimension of 1.4 mm, much
larger than that previously reported in the literature.>">* For
more clarity, we obtained a large-size optical microscopy (OM)
image of Mo,W(;_x) S;,S€;51—) alloy films at a high magnifica-
tion (Fig. S2(a and c), ESIT), without sharp interfaces. The
surface morphology of Mo,W(;_y) S;,Sex;—,) monolayer films
was characterized using an atomic force microscope (AFM).
Fig. 1(c) and Fig. S2 (b, d) (ESIt) show the typical AFM images
and thickness profile of Mo,W(;_y) S,,Se,;_y) alloys, where the
homogeneous color contrast indicates a flat and smooth sur-
face. Cross-sectional analysis displays the thickness of the as-
grown alloy to be about 1 nm, thus confirming a monolayer.
The HRTEM image shows that alloy monolayers maintain a
regular hexagonal lattice structure with a lattice spacing of
0.285 nm along the (100) direction (Fig. 1(d)). A set of hexagon-
ally arranged diffraction points of SAED indicate the good
crystallinity of as-grown alloys (Fig. 1(f)). Furthermore, the
EDS elemental mappings identically display the homogeneous

Stage 3

@ Mo
oW
es
@ Se

Fig. 2 Growth of Mo,W(_, Sz,Sezu-,) monolayers by LPEE. (a) Schematic of LPEE for the growth of Mo,W_ S;,Sezq—,) monolayers. (b)-(e) Optical
images of Mo,W_, Sz,Sexi-,) monolayers obtained at different growth temperatures. (f) Schematic diagrams and proposed structures of different

morphologies at different temperatures.
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distribution of Mo, W, S, and Se elements, proving that the
alloy composition was uniformly distributed and free of
agglomerated particles and nanocrystals (Fig. 1(f and g)).

Fig. 2(a) illustrates that the quaternary monolayer alloys
were obtained by using the molten solution on substrates.
The growth process of our LPEE method includes: (a) solute
atoms from the solid-phase materials are transported in the
solution by diffusion and convection (stage 1); (b) solute atoms
diffuse to the surface and the solute is precipitated at the
interface between the solution and the substrate (stage 2);
(c) finally, most of the solvent is volatilized and salts are left
on substrates after growth (stage 3). Furthermore, the growth
temperature and time have been found to be key factors in
determining the size and morphology of Mo, W(;_y) S;3,S€z(1—y).
We set various growth temperatures while ensuring a consis-
tent growth time (60 min), and different morphologies of as-
grown alloys could be observed (Fig. 2(b-e)). The triangular
morphology with straight edges is obtained at a low tempera-
ture of 825 °C. As the temperature increases, the gradual
increase in the size of monolayer alloys and morphology
change to irregular triangles. Hexagonal shapes with straight
edges are obtained at a high temperature of 900 °C. This
progressive morphological change may be related to the kinetic
growth mechanism, where the non-ideal transition metal/chal-
cogenide atomic ratio induces a non-equilibrium growth state
at the growth interface.>>® Fig. S3 (ESIf) shows the OM dia-
grams of the as-grown alloy at 900 °C for different growth times
(0-120 min). It can be seen that the sample morphologies are
all regular hexagonal. With the increase in growth time, the size
of alloys gradually becomes larger. The average size of the as-
grown alloys increases almost linearly from 30 um to 120 pm.

( (b)

1=
-’
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We performed photoluminescence (PL) tests on the alloys
prepared at different temperatures (Fig. 3(a)), and the spectra
all exhibited a single emission peak, without observing any
defect peaks or structural disorder peaks associated with low-
energy emission, indicating that the components in the as-
grown alloys are uniformly mixed without phase segregation
and crystal quality are generally excellent. As the growth
temperature increases, the PL peak shifts to a shorter wave-
length (from 783 nm to 684 nm), indicating an improvement in
the concentration of W and S in the alloy (WS, has a larger
forbidden band than MoSe,). Meanwhile, we have character-
ized the structure of monolayer Mo,W(;_,) S;,S€51—y) alloys
prepared at different temperatures by Raman spectroscopy
measurements (Fig. 3(b)). The Raman peak corresponding to
E;4(S-W) — LA(S-W) + E»,(Se-W) — LA(Se-W) caused mainly by
W-S-Se vibrations is observed at 162.53 cm™ ', where LA
represents the longitudinal acoustic mode. The peak observed
at 265.65 cm ™ is attributed to the A;; modes of W-Se and Mo-
Se bond vibrations. The peak observed at 330.22 cm ™" belongs
to the Mo-W-S-Se-bond vibrational modes.”" The E,, peaks
of sulfide exhibit bimodal behavior at 353.11 ecm™' and
381.54 cm™ ', attributed to E,; (Mo-S) and E,, (W-S), respec-
tively. Finally, the A;, peak attributed to the combined W-S and
Mo-S vibrations is observed at 412.81 cm ™ *. In addition, it can
be seen from the graph that the peak position does not shift
greatly with the increasing temperature, but the peak intensity
gradually increases, which indicates that the proportion of
heavier W atoms entering the internal lattice of the alloy
increases at higher temperatures.

To investigate the continuity and homogeneity of the as-
grown monolayer alloy films, we selected the region marked by

—825C
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—875T
] ~———900C
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Fig. 3 Characterization of Mo,W_ Sz,Sexu-,) monolayers at different temperatures. (a) and (b) Raman spectra and PL spectra, respectively. (c) Raman
mapping images of the selected area in Fig. 1b. (d)—(g) XPS scans of W 4f, Mo 3d, S 2p, and Se 3d, respectively at 900 °C.
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the red rectangle in the panel of Fig. 1(b) for Raman mapping
images (Fig. 3(c)). The thin film shows a uniform distribution of
the four phases with a few dark regions corresponding to anion
vacancies. For experimental accuracy, additionally, we ran-
domly selected 50 positions on the monolayer Mo,W(_y
S1)S€5(1—y) alloy film for Raman measurements (Fig. S4, ESIY)),
and all Raman spectra exhibit the same peak pattern and
intensity uniformity, again demonstrating the homogeneity of
the monolayer alloy. The chemical composition and structure
of the monolayer Mo,W(;_,) S;,Se,;_y) alloys were observed
using X-ray photoelectron spectroscopy (XPS) (Fig. 3(d-g). The
XPS results clearly reveal the coexistence of W, Mo, S, and Se
atoms in the synthesized alloys (Fig. S5, ESIt). The element
ratio of quaternary alloys was calculated by XPS spectra
(Table S1, ESIY).

The atomic structures of the as-grown monolayer alloys were
studied by STEM. We can visualize the distribution of Se, W, S
and Mo atoms in the monolayer Mo,Wq_y Sy,Se;;1_y)
alloys by atomic imaging with high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM),
further demonstrating the good crystallinity of the as-
grown alloys (Fig. 4(a)). The intensity distribution along the
marked red solid box in Fig. 4(b) highlights the occupancies of
Mo, W, S, and Se sites (Fig. 4(c)). Based on the intensity
differences between the atoms in the HAADF-STEM images,
we performed the statistical analysis in the STEM images,
dividing the atoms in the image into metal (M) sites and sulfur

(a)

View Article Online
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(X,) sites (Fig. 4(d and e)). The intensity histograms of all metal
sites show two peaks, in the descending order of intensity, for
the Mo site and the W site. The intensity histograms of all X,
sites show three peaks, with the SS site, SSe site, and SeSe site
in the descending order of intensity. By recognizing peaks in
the HAADF intensity, the atom type can be determined, result-
ing in an atomic labeling image as shown in Fig. S6 (ESIf).
From the images, the elements in each sample are uniformly
distributed, demonstrating the good mixing of the elements at
825 °C.

To evaluate the effect of the electronic structure changes of
as-grown alloys, back-gated FET devices were prepared with Cr/
Au (10/60 nm) as source-drain electrodes deposited on SiO,/Si.
As shown in Fig. 5(a), the pure MoS, FET displays an insulating
nature at a large negative gate bias and is turned on at Vg =
—70 V, exhibiting strong n-type conduction with a high I,/Io¢
ratio of about 107 for Vs sweep from —80 to +80 V. The output
(Ias—Vas) curves were measured at different Vy (Fig. 5(b)),
indicating a typical ohmic contact between the electrodes and
the sample channel with good contact, in agreement with
previous studies. For the as-grown alloys shown in Fig. 5(c-f),
it shows a weak p-branch bipolar characteristic with a signifi-
cantly lower switching ratio. The output curves show good
linearity (Fig. S7(a-d), ESIt). It is noteworthy that the Ion/Ios
ratio of the alloy-based FETs gradually decreases with the
increasing growth temperature, which may be may be since
WSe, is a p-type semiconductor and the increase in temperature

0 v
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Fig. 4 Atomic characterization of Mo,W(_, Sy,Sexu-,) monolayers at 825 °C. (a) and (b) HAADF-STEM images of the as-grown Mo,W_, Sz,Sesi—y)
monolayer. (c) Intensity profile along the marked red solid box in (b). (d) and (e) The corresponding statistical HAADF intensity histograms of the M and X,

sites, respectively.
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Fig. 5 Effect of growth temperature for Mo,W_, Sz,Se»u—y) on electrical characteristics. (a) and (b) Transfer and output plots for pristine MoS,. (c)-(f)

Transfer curves at different growth temperatures (825 °C-900 °C).

makes more heavier W atoms enter the lattice with enhanced
charge impurity scattering.

The doping of magnetic elements in atomically thin semi-
conductors is an important investigation field in spintronics.
Utilizing the advantages of the LPEE method, FeCl;, CoCl,, and
NiCl, were added to the liquid solutions to obtain Fe-, Co-, and
Ni-doped doped Mo,W(;_y) Sy,Seyi_y alloys (Fig. S8, ESIf).
HRTEM images indicate that the lattice spacing of the samples
becomes reduced along the (100) direction (Fig. 6(a) and Fig.
S8(a), S9(a), ESIt). SAED reveals a set of hexagonally arranged
diffraction points, indicating the good crystallinity of samples
(Fig. S9(b), S10(b) and Fig. 6(b), ESIt). The EDS spectra (Fig. 6(c)
and Fig. S9(c), S10(c), ESIT) and XPS results (Fig. S11-S13, ESIt)
show that Fe, Co, and Ni are successfully doped into Mo,W(;_y
S2,yS€2(1—) nanosheets. EDS mapping images demonstrates that
the component distribution of the magnetic transition metal
doped alloys is homogeneous (Fig. 6(d-i) and Fig. S9(d-i),
S10(d-i), ESIt). Fig. S14(a and b) (ESIt) display the PL and
Raman data of Ni-, Co-, and Fe-doped and Mo,W(; _y) S;Se;(;_y)
monolayers. The PL and Raman spectra are both red-shifted,
while the PL emission spectra are quenched and broadened.
This is due to the doping-induced trion emission and bandgap
modulation, which is similar to the reported results observed in
the Fe/Co-doped MX, monolayer.”*

To characterize the magnetic properties of Ni-, Co-, and Fe-
doped Mo, W(;_y) S5,Se5(1_y), we employed the physical property
measurement system (PPMS) to obtain M-H curves at different
temperatures. The pristine Mo,W(; _y) S;,S€;(1_y) grown on the
sapphire has no significant ferromagnetic signal as shown in
Fig. S15 (ESIt). After the magnetic elements are doped into the
quaternary alloy, Fe-, Co-, and Ni- doped Mo,W(;_,) Sy,S€;(1_y)
with distinct M-H hysteresis loops show a clear ferromagnetic

This journal is © The Royal Society of Chemistry 2023

ordering phenomenon at 300 K, indicating that magnetic
transition metal-doped Mo,W(;_, S;,Se5(;_) is ferromagnetic
at room temperature.’* Additionally, the hysteresis loop size at
300 K shrinks significantly compared to 10 K. With the increas-
ing temperature, the saturation magnetization (Ms) and coer-
civity (Hc) decrease due to a significant increase in thermal
perturbation (Fig. 7(g-i)). Combined with the bound magnetic
polaron (BMP) mechanism, for the origin of ferromagnetism in
the doped Mo,W(; _y) S;,Se,(;_y) system, we deduce that besides
the Fe, Co, and Ni spin polarization, some ferromagnetic
dopants located farther within the polaron radius interact with
the defects.>*>°

Conclusions

Overall, we have successfully synthesized millimeter-sized
Mo, W(; _x) S;,S€5(1_y) monolayers using the LPEE method. The
controlled morphologies of Mo,W(;_) S5,S€,(; ;) monolayers were
obtained by adjusting different growth temperatures. The Raman
spectra, PL spectra, and corresponding mapping images reveal
the high quality and homogeneity of Mo,W(;_) S;,Sex_y) mono-
layers. The HAADf-STEM characterization strongly confirms the
homogeneous distribution of Mo, W, S, and Se in the as-grown
alloys from a microscopic scale. The FET devices based on
Mo, W(1_x) S;,S€;1—,) monolayers demonstrating the transport
behavior of bipolarity with a weak p-branch and conduction
behavior show component-dependent properties. In addition,
we have extended the LPEE method to obtain M-doped Mo,W(; _y)
S»Sey1—y) monolayers. The Raman spectroscopy, PL, and
XPS results reveal the time-effective substitutional doping of
group VIII magnetic elements in Mo,W(;_y) S5,S€(1—,). Magnetic
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Fig. 6 Structural characterization of the Fe-doped Mo,W(_ S;,S€si-y). (@)—=(i) The HRTEM image, SAED image, EDS elemental analysis, and EDS

mapping images of Fe-doped Mo,W_,) Sz,Sexi-y). respectively.

characterization showed that Mo,W(; ) S;,Se,(; ) doped with Fe,
Co, and Ni exhibited ferromagnetic behavior at room tempera-
ture. The pristine and M-doped Mo,W(;_y) S,S€5;_y) can greatly
expand the family of 2D materials and are prospective candidates
for applications in optoelectronic and spintronic devices, while
our synthetic strategy proves to be an effective method for
designing 2D material properties and functions.

Experimental section
Growth recipe

The Mo,W(;_) S;,S€;(1—,) monolayers were synthesized using
MoSe, powders and WS, (Sigma-Aldrich, 99.999%) powder as
precursors and CsCl (Sigma-Aldrich, 99.99%) as the flux. The
ratio of precursor-to-flux was 1:20, and FeCl;, NiCl,, and CoCl,
powders were added for the preparation of magnetic transition
metal doped Mo, W(;_) Sy,Se;(; ) monolayers. The precursors
were uniformly mixed in a quartz boat and CsCl was laid flat on
the surface of the precursors. The sapphire treated with ace-
tone, anhydrous ethanol, and deionized water was selected as
the substrate, and the sapphire was inverted inside the quartz

16918 | J Mater. Chem. C, 2023, 11, 16912-16921

boat. The quartz boat was slowly pushed into the center of a
single-temperature zone tube furnace. Ar was used as the
carrier gas with a flow rate of 10 sccm and the growth environ-
ment was at atmospheric pressure. After the setup, the samples
were grown at four temperatures of 825 °C, 850 °C, 875 °C and
900 °C to investigate the temperature-dependent growth of
these alloys. To study the time-dependent growth of Mo,W(;_y
S,,S€,(1—y) monolayers, we selected 900 °C as the growth tem-
perature, and the samples were grown at 0 min, 30 min, 60 min,
90 min, and 120 min, respectively. After the reaction was
completed, the furnace was cooled naturally.

Characterization

The morphology and thickness of the samples were system-
atically characterized using an OM (Olympus, BX51) and AFM
(Bruker, Dimension Icon). Raman spectroscopy and photo-
luminescence studies of the samples were performed at room
temperature using a Renishaw inVia Raman confocal micro-
scopy setup with a 532 nm laser. The chemical composition of
the samples was analyzed using XPS (ESCALAB 250X, Thermo
Fisher Scientific), excited by monochromatic Al Ko radiation.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tc03332e

Published on 21 November 2023. Downloaded by University College Cork on 1/11/2024 3:55:58 PM.

View Article Online

Review Journal of Materials Chemistry C
40
(a) o (b) = (©) oz
10K 10K 10K
=20 ~20 —~20
3 3 >
; E -
30 5 ° 5’
= c =
= =2 =2
-20
-40 =40
-8000  -4000 0 4000 8000 -8000  -4000 0 4000 8000 -8000  -4000 0 4000 8000
( d) H(oe) ( e) H(oe) (f) H(oe)
404 _F 40 . "
3090K 3§§K 404 -Ni

M(10-°emu)

» n
o o o
lM(10'°emu)
8 o 8
M(10emu)
8 o 8
w
\
X

-40 20 404
4000 -2000 H? e 2000 4000 -4000 -2000 0 2000 4000 ey -4000  -2000 0 2000 4000
(9] (h) H(oe) () H(oe)
500 25° 7400 35 7400 35
——Hc ——Hc
400 Mg

300

200
100

H(O

)
+Hc
_'_Ms

N
o
w
S
=1
/m
h Noow
o o
w
=]
=)
N
o

P b
M(10°% emu)
H(Oe)
- N
53 8
s
o o o
M(10°% emu)
H(Oe)
N
8
S
o o o
M(10°% emu)

100

T(K)

0.5 0.5
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 05

T(K) T(K)

Fig. 7 Magnetization measurements of Fe-, Co-and Ni-doped Mo,W_, S;,Sezi1-). (@)—(c) M—H loops for Fe-, Co-, and Ni-doped Mo,W_, Sy,Sexi-y)
at 10 K, respectively. (d)-(f) M—H loops for Fe-, Co-, and Ni-doped Mo,W_, S;,Sex_y) at 300 K, respectively. (g)-(i) Temperature dependences of Hc

and Mg for Fe-, Co-, and Ni-doped Mo,W_,) So,S€xi-y).

The microstructures of the samples were characterized using
TEM (JEM-2100F, JEOL) operating at 80 kV and equipped with
an EDS system, and STEM (Titan Cubed Themis G2300). The
electrical transport measurements were performed under
vacuum (< 1.3 mTorr) using a semiconductor characterization
system (Keithley 4200-SCS). Magnetic measurements were con-
ducted using a PPMS instrument (Quantum Design).

Transfer and device fabrication

A PMMA (polymethyl methacrylate) assisted transfer method
was used in material preparation. The samples grown on a
sapphire substrate were spin-coated with a PMMA layer
(3000 rpm for 60 s) and repeated this operation three times.
Then, it was baked at 120 °C for 20 minutes. The PMMA/
samples on the sapphire were then transferred onto TEM grids
or SiO,/Si substrates using a tape; after this, they were soaked
in acetone for 40 min at 60 °C until the PMMA was removed.
Finally, the TEM grids or SiO,/Si substrates were washed with
isopropanol and removed from it until dry. Cr/Au (10 nm/
60 nm) was patterned as source-drain electrodes and deposited
on the substrates by shadow mask and electron beam evapora-
tion, respectively.
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