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ABSTRACT Synthesis of large-scale highly crystalline two-dimensional alloys
is significant for revealing properties. Here, we have investigated the vapor
growth process of high-quality bilayer Co,Mo,_,S, (x = 0.16) hexagonal
nanosheets systematically. As the initial loading of the sulfur increases, the
morphology of the Co,Mo,_,S; (0 < x < 1) nanosheets becomes hexagons from

David stars step by step at 680 °C. We find that Co atoms mainly distribute at the

edge of nanosheets. When the temperature increases from 680 to 750 °C, high-quality cubic pyrite-type crystal structure CoS, grows on the surface of

Co,Mo;_,S, nanosheet gradually and forms hexagonal film induced by the nanosheet. Electrical transport measurements reveal that the Co,Mo,; _,S,

nanosheets and CoS, films exhibit n-type semiconducting transport behavior and half-metallic behavior, respectively. Theoretical calculations of their band

structures agree well with the experimental results.
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s more comprehensive investiga-
Ations on graphene occur,' ™ two-

dimensional (2D) materials have
been attracting wide interest due to their
peculiar structural properties and fascinat-
ing applications in the areas of electronics,
optics, biology, and catalysis.®'? However,
the pristine graphene shows no band gap,
which restricts its real application in the
integrated circuit electronics. As the promis-
ing substitutes for graphene, transition-
metal dichalcogenides (TMDCs) which also
have layered crystalline structure with
strong in-plane bonding but weak interlayer
action (van der Waals force) show natural
band gaps. TMDC-layered structures have
unique electrical, optical, and chemical
properties, and such properties obviously
vary with thickness ranging from bulk
to monolayer.”*™"* Since alloying in the
TMDC 2D materials can realize the versatile
change of their band structures, it becomes
a viable method to achieve the real applica-
tion of 2D materials in both electronics
and optoelectronics.'®'” Several 2D-layered
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TMDC alloys, such as Mo,_W,S,,
Mo, _,W,Se,, and MoSy,Seyiq_y (x = 0—1),
have been synthesized recently for the study
of continuous tunable optical properties.'®~2
Until now, most reports of 2D alloys TMDCs
only focus on the synthesis and optical
properties. Their transport property that
is crucial in the device application needs
further investigation. Pulickel et al.?* and
Xie et al®** reported the field-effect
transport of Mo, _,W,Se, and MoS,,Se5(1
alloys.

Co-doped MoS, (CoMoS) powder related
with deep hydrodesulfurization (HDS)
activity has been reported extensively.?> 28
Deepak et al. have confirmed that Co atoms
can replace the location of Mo in MoS,
nanowire catalysts by aberration corrected
scanning transmission electron microscopy
(STEM).® Lauritsen et al. have found that
the Co promoter atoms are located at the
edges of single-layer CoMoS nanoclusters
by scanning tunneling microscopy (STM),
which causes the shapes of the MoS,
nanoclusters changing from triangular to
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Figure 1. (a) Optical and (b) AFM images of the Cog16M0g g4S, nanosheets on the substrate, (c—f) Optical image, Raman
spectrum (d) of Cog 16M0g 84S, Nanosheets, and corresponding Raman peak intensity mappings at 374 cm ™~ (e)and 379 cm " (f).

hexagonally truncated.3° As important 2D diluted
magnetic semiconductors, Co-doped monolayer and
bilayer MoS, have recently been studied by theoretical
calculations.>' “**However, the experimental realiza-
tion of Co,Mo;_,S, 2D layered structure has rarely
been reported. Here, we have synthesized large-scale
2D alloy Co,Mo,_,S, (where x can be calculated as
0.16) hexagonal bilayer nanosheets using a chemical
vapor deposition (CVD) method which has achieved
great success in the growth of 2D materials, such
as MoS,,>> 37 MoSe,, 3% WS, 412 WSe,.** We also
reveal that the obtained hexagonal Co,Mo, _,S, nano-
sheet can be transformed into high crystalline CoS,
and MoS, film without damaging the shape through
increasing the temperature. The electrical transport
properties of the bilayer Co,Mo,_,S, nanosheets and
the CoS, film are also investigated both experimentally
and theoretically.

RESULTS AND DISCUSSION

The hexagonal bilayer Cog16M0gg4S; nanosheet
(Figure 1a) synthesized by the CVD method is charac-
terized by Raman spectrum, atomic force microscopy
(AFM), and transmission electron microscopy (TEM).
The thickness of monolayer MoS, is about 0.7 nm,**
and the observed height of the Cog14M00gsS, Nano-
sheet here is about 1.5 nm (Figure 1b), which indicates
a bilayer film.

The Raman spectrum is very effective for character-
izing the structures of 2D alloys, and the as-made
nanosheet shows mainly six Raman peaks (Figure 1d)
in the range of 250—475 cm ™" under 532 nm excitation
assigned to CoS, (E; mode ~290 cm™', Ty(1) mode
~311 cm™', A; mode ~395 cm™")* and Co,Mo; _,S,
alloy (A;g mode ~405 cm ™, E;g modes ~379 and
374 cm™"). The A;4 mode results from the out-of-plane
vibration of only S atoms in opposite directions, and
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the in-plane E;; modes are associated with opposite
vibration of two S atoms with respect to the Mo and
Co atoms (see the Supporting Information, S1). Similar
to the Mo, ,W,S; alloy,'® A, and E,; modes here show
one-mode and two-mode behaviors, respectively. Two
phonon branches associated with E,; modes of MoS,
(379 cm™") and CoS, (374 cm™") are observed in the
alloys. Under the same conditions, Raman peak inten-
sity is proportional to the amount of substance. The E5g
peak related with CoS, (374 cm ™) is strong at edge of
the nanosheet and weak at center of the nanosheet
(Figure Te), showing that Co atoms mainly distribute
at edge of the nanosheets. The E,; peak related
with MoS, (379 cm™") is strong at the center of the
nanosheet but weak at the edge of the nanosheet,
demonstrating that Mo atoms mainly distribute at
center of the nanosheet (Figure 1f).

Transmission electron microscopy (TEM) is used
to investigate the structure of the Cog 14M0g 84S, nano-
sheet in detail (Figure 2a). The high-resolution TEM
(HRTEM) images (Figure 2b, ¢) and the corresponding
selected area electron diffraction (SAED) pattern
(Figure 2d) reveal that the nanosheet has lattice
spacing of 0.27 and 0.16 nm assigned to the (100)
and (110) planes along the [001] zone axis, showing a
high-quality hexagonal symmetry structure. The en-
ergy-dispersive X-ray spectroscopy (EDX) (Figure 2e)
demonstrates that the nanosheet consists of Co, Mo,
and S elements (the exhibited C and Cu elements are
from the grid of copper), with the Co mole fraction
[x, Co/(Co + Mo)] of ~0.16, indicating the composition
of the nanosheet is Cog 1sM0g 84S,. X-ray photoelectron
spectroscopy (XPS) is carried out to identify the com-
position of the nanosheet further and is similar to the
TEM—EDX result (see the Supporting Information, S7).

In the growth process, we find that the equilibrium
morphology of the Co,Mo;_,S; nanosheets change
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Figure 2. TEM characterizations of Co,Mo,_,S, nanosheet.
(a) Low-magnification TEM image of hexagonal Co,Mo,_,S,
nanosheet supported on holey carbon grid and a cross-
section image edge (inset). (b) HRTEM image of Co,Mo,_,S,
nanosheet and (c) enlarged HRTEM image of the marked
areas in (b). (d) SAED pattern taken on the area of the
nanosheet marked in the red circle in (a). (e) Corresponding
TEM—EDX profile of the sample.
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Figure 3. Effect of the initial loading of sulfur on the
morphology of Co,Mo;_,S, nanosheets. (a) Without Co30,
in the ceramic boat. The amounts of sulfur in (b), (c), (d), (e),
(f) are <0.5, 0.5—0.8,0.8—1.2,1.2—1.5, and 1.5—2 g, respec-
tively. The scale bars are 10 um.

into hexagons from Star of David shapes*® gradually
with increasing the initial loading of the sulfur at
relatively low temperature (680 °C) (Figure 3). Grain
boundaries are important in 2D materials and have
been widely investigated.***® Grain boundaries
emerge at the edge of the Star of David shape, while
the center area of the star shows high crystallinity (see
the Supporting Information, S6). We have calculated
the total energy of of the Star of David and hexagonal
Co,Mo,_,S; nanosheet by density functional theory
(DFT), and the results show that Co doped at edge sites
is more stable than that at center sites (see Supporting
Information, S2). Krebs et al. have investigated the
morphology and edges of the CoMoS nanocrystallites
related with different chemical potential of S (Aus) in
the gas phase by DFT calculations.*® Au, depends on
the partial pressures of H,S and H,; the temperature
also affects the affinity of Co promoter for the S edge
and Mo edge. Under high Aus, Co exhibits a similar
affinity on both edges, which tends to stabilize the Co
promoter and form regular shapes. On the contrary,
the decrease of Aus enhances the affinity of Co for the
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Figure 4. Stimulated models of growth process vary with
sulfur concentration and temperatures. Yellow spheres
represent MoS,; purple and red spheres stand for Co
promoters and CoS,, respectively.

S edge compared with that for the Mo edge, which
leads to irregular morphology of the CoMoS nanocrys-
tallites with asymmetrical edges. In our experiments,
instead of H,S, we use sulfur powder which is more
preferable because of its accessibility and safety. The
partial pressure of sulfur stream rises when the initial
loading of the sulfur is increased at a certain tempera-
ture, which leads to higher Aus. Thus, the Ay is in
direct proportion to the initial loading of the sulfur.
In the case of an insufficient sulfur supply and low Agus,
Co promoters are more favorable to be located at the
S edge than at the Mo edge for lower edge energy.
As a result, the selectivity of Co promoters results in
the irregularity of the local morphology. As the sulfur
supply and Ay, rise, Co promoters exhibit an almost
similar affinity for both edges and are well distributed.
At high concentration of sulfur steam, the growth of
Co,Mo,_,S;, nanosheets is more sufficient with regular
morphology and less dangling bonds at the edges.

In the growth process of such alloy bilayers, another
important parameter interrelated to the sulfur concen-
tration is temperature. When the temperature rises
to 750 °C, a bilayer structure with upper CoS, and
bottom MoS, films (CoS,—MoS, film) (see the Support-
ing Information, S3) is obtained. The growth process
of Co,Mo,_,S, nanosheet and CoS,—MoS, film varies
with the sulfur concentration and temperature. With
the temperature increasing from room temperature to
680 °C, MoOs nucleates forms on the substrate first by
the easier evaporation with respect to Co30,4 and then
grows into bilayer MoS, (Figure 4a). Co30,4 reacts with
S to provide Co promoters at the edges of the nano-
sheet (Figure 4b). Under an adequate supply of S, the
edges of the nanosheet become zigzag motifs and
expand to hexagon gradually with the reaction of Co,
Mo, and S (Figure 4c). It is noted that the Co promoters
are not only at the edges but also in the middle of the
nanosheet when it turns into large-scale hexagon. On
the surface of the nanosheets there also exist CoS,
nanoparticles which may be produced by the growth
of nucleus from the Co promoters in the nanosheet
(Figure 4d). The edges of the nanosheet where plenty
of CoS, particles aggregated become thicker when
the temperature increases from 680 to 750 °C, and
then a large-scale high-quality hexagonal CoS, film
eventually appears on the surface (Figure 4e).

Although 2D alloys have been synthesized in dif-
ferent ways,'®~ 2237 their transport measurements of
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Figure 5. Electrical transport properties of Co,Mo; _,S, nanosheet and CoS; film. (a) Room-temperature characteristics of the
Co,Mo;_,S, nanosheet FET devices with 2 V applied bias voltage. The inset shows the optical image of a FET device. (b) Drain
current—voltage curves acquired at varied Vg, from —40 to 440 V representing a good ohmic contact. (c) Atomic structure of
the calculated Co,Mo, _,S, bilayer. Blue, purple, and yellow balls denote Co, Mo, and S atoms, respectively. (d) Corresponding
band structure of the bilayer. The horizontal line dashed lines indicate the Fermi level. (e) I-V curve for the CoS, film at room-
temperature. The insets show the crystal structure of CoS, (blue and yellow spheres stand for Co and S atoms, respectively)
and optical image of a FET device. Iys and Vg4 are drain-to-source current and voltage, respectively. (f) Band structure
calculated from DFT for bulk CoS,. The horizontal line dashed lines indicate the Fermi level.

field-effect transistor (FET) devices have rarely been
reported.”>~2* To evaluate the electrical performance
of the CoMo;_,S, nanosheet, we fabricate FETs
through the lithography process with 3 um channel
length on a Co,Mo,_,S, nanosheet using 5 nm Cr/
50 nm Au as source and drain electrodes, 300 nm thick
Si0, as dielectrics, and n** Si as the back gate. We find
that Co,Mo, _,S, nanosheet devices demonstrated FET
characteristics of a n-type semiconductor (Figure 5a
and b), with a mobility as high as 0.52 cm?/(V s) (see the
Supporting Information, S9), the on/off ratio (about 10)
(Figure 5a) is lower than the reported bilayer MoS,
flakes.>' > In order to further understand the electronic
properties of the Co,Mo,_,S, bilayer, we constructed
a Co,Mo, _,S; supercell containing 31 Mo, 64 S,and 1 Co
atoms by the generalized gradient approximation (GGA)
for the exchange-correlation functional (Figure 5c).
Figure 6 shows the schematic plot of a Co,Mo,_,S,
nanosheet transistor on the on state (Figure 6b) and off
state (Figure 6¢). The results show that deep-impurity
levels emerge around the Fermi energy of the nano-
sheet (Figure 5d), and the low on/off ratio should result
from the deep-impurity levels where carriers (electrons)
accumulate when the back gate voltage (V) is negative
(off state) (Figure 6¢). On the other hand, as some
impurity levels exist in the nanosheets, conduction band
will obtain more free electrons by thermal excitation
at room temperature, compared with pure MoS,. Both
of the two situations will lead to the relatively large off
state current. Additionally, defects (such as vacancy,
dislocation) and small half-metallic CoS, nanoparticles
on the surface of the nanosheet diminish regulating
carrier concentration by gate voltage.

The 1=V curve of CoS, film (Figure 5e) recorded
under ambient conditions shows the ohmic response
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Figure 6. (a) Schematic plot of the Co,Mo,_,S, nanosheet
transistor. (b, c) Band diagram under positive and negative
Vs, respectively. V, Eg, Ec, Ep, and Ey represent back gate
voltage, the Fermi level, conduction band level, impurity
level, and valence band level, respectively.

Quartz tube Si/SiO, substrate

/

Ar Ar

-

Suliur MoO;and Co;0,

Figure 7. Configuration used in our experiments for
Co,Mo, _,S, nanosheet and CoS,—MoS, film preparation.

and half-metallic behavior with a high conductivity
about 8 x 10* s/m (see the Supporting Information, S8).
Band structure of CoS, has been calculated using the
(GGA) for the exchange-correlation functional (Figure 5f).
Band dispersion for the spin-up state and spin-down
state are plotted by red and green lines, respectively.
There is no spin-down state at Fermi level and CoS; is
clearly half-metallic,>*~>° agreeing well with our experi-
mental results.

CONCLUSION

In summary, we have successfully synthesized large-
scale hexagonal bilayer Cog;6M00g4S, nanosheets
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and it is found that the morphology of the nanosheets
varies with the initial loading of sulfur and tempera-
ture. The A,; mode and E,; modes show one-mode
and two-mode behaviors, respectively. We have also
illuminated that CoS, film can form on top of the
hexagonal nanosheets under high temperature. The
template induced method obtaining CoS, film pro-
vides a new direction in controlling 2D material shapes.

EXPERIMENTAL SECTION

A ceramic boat containing mixed MoOs (3 mg) and Co30,
(300 mg) powder was placed in the center of a tube furnace, and
bare Si/SiO, substrates were placed on top of the powders.
Another ceramic boat holding pure sulfur (S) was placed at the
upwind low temperature zone in the quartz tube. During the
reaction, the temperature of the low temperature zone was
controlled to be a little above the melting point of S (113 °C).
The quartz tube was first kept in a flowing protective atmo-
sphere of high purity Ar (99.9999%) with the flow rate of
150—200 sccm. After 30 min of Ar purging, the furnace tem-
perature was gradually increased from room temperature to
680 °C/750 °C in 25 min. Then the temperature was kept at
680 °C/750 °C for 5 min. Figure 7 shows a schematic illustration
of the reaction condition of this CVD process.
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